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1) Single cell protein
It has been documented that the unbalanced
increase between human population and protein food for
human diets since second world war lead to the world-
wide shortage of food protein (Synder, 1970 Heydeman,
1976). In the massive research for increasing the
production of protein-rich food, single cell protein
(SCP), the unconventional protein source, has
been proposed as the effective solution to the food
protein shortage problem (Scrimshaw, 1968). SCP includes
the protein from unicellular micro-organisms such as
bacteria, yeasts, and algae which have been known as
micro-organisms capable of producing biomass containing
relatively high protein content of about 50 % on dry
weight basis (Lipinsky Litchfield, 1970 Synder, 1970
Taylor Senior, 1978).
The concept of eating substantial quantities of
micro-organisms as foodstuff is not a new one, but this
practise has not become wide-spreaded because the un-
pleasant connotation of the word microbial in connection
with food. The term Single Cell Protein was coined by
a group of researchers at the Massachusetts Institue of
Technology in 1966 (Tannenbaum Wong, 1975) to depict
INTRODDUCTION
2the idea of using cro-organisms as food. Certain micro-
organisms are accepted as potential food or feed sources
because they contain relatively high contents of protein
which is required by many forms of life. Two compelling
reasons for thinking seriously about single cell protein
are the very rapid growth rate and the degree of control
one can exert on the growth conditions of the micro-
organisms. Tne reproduction of micro-organisms such
as bacteria and yeasts is carried out at a fast rate
that they can double in mass in 20 to 120 minutes, and
algae,altnough slower, tarieless than one day to double
under most favorable conditions (Vilenchich & Akhtar,
1971). This extremely rapid growth rate becomes apparent
when compared to the growth of conventional agricultural
species. For example, Thaysen (1965) calculated that a
beef animal weighing one thousand pounds could produce
one pound of new protein per day. Tne same weight of
starting material such as soybean would yield eighty pounds
of new protein per day if the total yield was produced
over all the time period of the growing season. In
contrast, one thousand pounds of yeasts could yield
fifty tons of new protein in one day. It results in
thousand folds of difference in the quantity of protein
produced between the conventional food protein and SCP.
3In comparison to conventional agriculture, tree
aegree of control that one can exert on the growth con-
ditions of micro-organisms for SCP production is unique.
With continuous or batch cultures, controlling methods
are available for the concentrations of nutrients, pH,
temperature, oxygen and carbon dioxide supply and the
cell density. Thus, the uncertainty of the environment
that plaques agriculture with droughts, floods, late
frosts, etc. would not affect SCP production.
In addition to high protein contents, these micro-
organisms also contain relatively high contents of carbo-
hydrates, lipids, organic intermecaiates, vitamins and
minerals which lead to the concept treat the biomass of
these micro-organisms could be used as raw materials for
producing many valuable compounds.
The advantages of SCP production are summarized
in Table 1 (Vilenchich & Akhtar, 1971).
Of course, there are problems related to the
mass cultivation of micro-organisms. For example, the
problems in maintaining pure culture and minimizing the
effects of potential toxic metabolic products of the
micro-organism, and the availability of large amounts
of any particular substrates are among the difficulties
in mass production of SCP.
4Table 1. Advantages of SCP production over plant
and animal (conventional) protein production
i) High yield of cells per unit time and unit mass
of substratee
ii) High growth rate.
iii) High carbon conversion efficiency.
iv) Capable of growth on a wide range of substrate.
v) Capable of growth on a wide range of pH.
vi) Capable of growth on a wide range of temperature.
vii) 'High protein content.-
viii) Possession of all essential amino acids suitable
for many forms of life.
ix) Low nucleic acids contents.
x) Non-pathogenic and non-toxic.
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Micro-organisms used in production of SCP
(A) Bacteria
Bacteria have been considered only recently
as possible food or feed. Robert in 1953, suggested
the feasibility of using schericnia coli as a feed
supplement for domestic animal.. Species of bacteria
considered useful for protein production have been
selected mainly on the basis of their ability to.,
use particular substrates. If methane is used as the
substrate, Pseudomonas methanica (Leadbetter Foster,
1958) might be the micro-organism of choice, but for
longer chain hydrocarbons, such as n-hexadecane or
n-octadecane, Nocardia, Mycobacter or Micrococcus
species might be used (Johnson, 1967). Maletes et al.
(1967) were able to isolate, from several sources,
a therm$hilic Bacillus which can use n-alkanes at
700C. Such a micro-organism would be particularly
useful if the cost of the cooling system of the
fermentation vessel was a large part of the production
cost fog' bacterial SCP. Also, growing this Bacillus
at a high temperature on hydrocarbons would minimize
contamination by other micro-organisms.
Although extensive research on the production
6of bacterial SCP have been carried out in many in-
stitues and private companies, at present no bacterial
biomass are being produced commercially as food or
feed except laboratory scale experiments. The pro-
blems in producing bacterial SCP include possible
presence of end.otoxins in the bacterial cells, genetic
unstability by transformation, processing high cost
in maintaining sterility, cooling and harvesting,
and the establishment of wholesomeness and safety
to meet the standards of regulatory agencies (Pre-
sident's Science Advisory Committee, 1967).
(B) Yeasts
Yeasts are the most extensively studied organisms
concerning SCP production. TIliere are reasons for
the emphasis on yeasts. For centuries, men have
been using yeasts for preparing alcoholic breavage
and baking bread. This close association between
established desirable food, and the smell and the
palatable taste of yeasts make this group of micro-
-organisms to be accepted as important micro-organisms
in food and fermentation industries (Roman, 1965
Humphrey, 1970). A second important reason for the
emphasis on yeasts is wealth of experience in large-
scale production techniques has been well established
7
through the baker's industry and industrial alcohol
production (Riviere, 1975).
Prescott and Dunn (1949) indicated that
yeasts have been produced commercially for baker
since the late 1800's, and during the intervening
years, knowledge had been obtained on the requirements
of carbon sources, nitrogen sources, minerals, aeration,
pH control, as well as on fermentor design, and harvest-
ing techniques that can be directly applied to the pro-
duction of yeasts for foodor feed purposes (Singruen
& Ziemba, 1954 Rose, 1961). In addition, yeasts
have been known and used in western countries as
a vitamin and protein supplement for at least 40 years
(Hochberg et al., 1945; Parsons et al., 1945; Sunderman
et al., 1945; Kingsley & Parsons, 1947; Sure & House,
1949). Thus man has been consuming yeasts for various
purposes and there have been no harmful side-effects
found so far (von Loesecke, 1946) which is important
in convincing those people concerned with toxicology
problems in using yeasts as food or feed. Information
on the quantities of yeast currently being produced
has been compiled by Suomalainen (1966) and Pepper
(1968). The total world output of food and feed yeasts
in 1963 was 180,000 tons (dry weight) in Russia,
8
West Germany, Poland, and the United States which
are the major yeast producing countries. The quantity
of yeast produced has not increased substantially
since 1963, but Bunker (1968) indicated that Russia
has planned to produce quadruple the present world
production of food yeast. However, in relation to
major food crops, yeast supplies negligible quantities
of protein :3o far. Althscnul (1965) indicated cereals
furnish lxlO8 tons of protein annually and animals
supply another 2xl07 tons. The protein from yeast
is approximately lxl05 tons or less than 0.1 % of
the total supply of protein of the world per annum.
(C) Algae
Interest in large-scale cultivation of uni-
cellular algae to serve as food and feed has been gone
through several phases of changes during the past
30 years. In late 1940's and early 1950's, there
was considerable interest in algae as a possible food
source (Burlew, 1953). During this peroid, Oswald et al.
(1953a, 1953b) started to study the feasibility of
growing unicellular algae in sewage oxidation ponds.
Later, when the United States became interested in
space exploration, algae gained prominence as the
most likely candidate for providing gas exchange
9on long-term manned space flights in that algae
could use carbon dioxide and produce oxygen and
possible nutrients (Casey & Lubitz, 1963). Tne
considerable knowledge gained during tnis period
on mass cultivation of algae has laid the foundation
for subsequent studies on algal SCP production (Gafford
Fulton, 1962 McDowell & Leveille, 1964). However,
in consideration of using algae as food protein source,
algae fall short in several areas such as the relatively
poor digestibility due to the cellulosic cell walls,
the marginal biological value of some species, un-
desirable flavors and aromas, ease of contamination
with enteric pathogens during outdoor cultivation,
and the high cost in harvesting the cells (Oswald
Golueke, 1968). In view of these deficiencies,
extensive research is needed before algal SCP will
become a significant commercial product for food
and feed.
Information obtained thus sizows that no
one type of micro-organisms could serve as a perfect
model for SCP production. However, the concept that
SCP will become the most suitable solution to the
present protein shortage problem is still going
strong.
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In the selection of any suitable micro-organisms
for SCP production,a number of problem areas must be
identified in order to assess the potential of the
micro-organisms for food or feed tnrough mass cultivaion.
Problems associated with SCP production
i) Problems associated with the micro-organisms -
nutritional requirements, genetic stability, growth
rate, yields and availability of different substrates
used in mass cultivation.
ii) Problems associated with the production - cost in
engineering design and the maintenence of the
culture sterility, methods to avoiding contamination
of the product by undesirable pathogenic micro-
organisms and cost in harvesting and drying of the cells
produced.
iii) Problems associated with the SCP products - Presence
of endotoxins and pathogens, adequate contents of
protein, lipid, carbohydrate, minerals, amino
acids and vitamins, etc., digestioility and bio-
logical value of the products wnen used as food
for animal and man, acceptance of flavor,aroma,
11
color, and texture, and market development and
market cost, etc.
Information related to these problems in SCP-production
can be surnmaried in Tables 2, 3, 4, and 5. It is evident that
bacteria have the highest growth rate and yield even
though a relatively high frequency of mutation rate
exists in this group of micro-organisms. Algae have a
stable genetic property, but slower in growth rate while
yeasts have high growth rate and relatively stable genetic
property. From Tables 4, 6, and -7, it can be seen
that the production cost is lowest in bacterial
SCP production, but the substrate preferred for SCp
is carbon dioxide since other substrates should
exhaust in some occasions even though they can be
obtained as wastes or low price raw materials.
Culture sterility is one of the important factors
in mass cultivation of bacteria since other bacteria
such as enteric bacteria may grow as rapidly as the
desired bacteria under the conditions most favorable
for the best yields of the selected species. The con-
12
Table 2. Relative degree of genetic stability of various





Table 3. Average doubling time of various micro-organisms
used for SCP production (Vilenchich Akhtar, 1971)
Micro-organism Doubling time (hr. )
bacteria 0.5 - 2.0
1.0 - 3.0yeasts
algae 6.0 - 24.0
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Table 4. Possible substrates for producing various
micro-organisms used for SCP production
(Moo-Yung,1976)
SubstrateMicro-organism
bacteria gaseous hydrocarbon (e.g.metriane)
liquid Hydrocarbon (e.g.methanol)
carbohydrate (e.g.cellulose)







Table 5. Yields of various micro-organisms used for
SCP production with different substrates
(Lipinsky Litchfield . 1970)
Micro-organism Substrate Yield %
bacteria gaseous hydrocarbon 100
liquid hydrocarbon 100
carbohydrate 80-90
yeasts liquid hydrocarbon 100
carbohydrate 50
sulfite liquor 40
algae carbon dioxide 100
glucose
amount of biomass produced
* Yield = % of recovery x 100%
amount of substrate feed
** data not available
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Table 6. Production costs for various mclro-organisms













Table 7. Harvesting methods and costs for various
mciro-organisms used in SCP production
(Lipinsky Litchfield, 1970)
Harvestign methodMicro-organism operation cost of








2_.o - 4.0ion exchange
_*froth flotation
* data not available
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taminants would compete with the desired bacteria in
the cultivation. Even in the case of gaseous hydro-
carbon substrates, there may be sufficient concentrations
of metabolic products such as amino acids released into
the media from the growing cells which might provide
substrates for the growth of contaminants (Lipinsky
Litchfield, 1970). In general, growth media and vessels
must be sterilized and maintained aseptically throughout
the growth cycle.
Under practical conditions, there is the question
of whether one should use aseptic processing or rely on
careful sanitation to prevent contamiantion in yeast
production (Roman, 1965). Contamination control by
maintaining a sterile system is extremely costly. On
the other hand, if the percentage of runs that must be
terminated by reason of contamination increase over some
minimal level, cost of operation increases considerably
also. Generally, in SCP production from yeast, for example,
Saccharomyces cerevisae , the vessels and tubling should
be sterilized (Roman, 1965). Sterilized substrates (e.g.
molasses) should be used (Roman, 1965). A lower pH
value maintained during growth and the rapid build-up
of the yeast population can minimize the possibility
of growth of contaminants (Lipinsky Litchfield, 1970).
18
Conclusively, it appears that in large fermentors it
would be impractical to operate on an aseptic basis and
that sanitation practice in the production plant
toether with careful control over the processing con-
ditions would minimize many contamination problems.
Algal cu-Lture may contaminated with hetero-
trophic bacteria such as Pseudomonas areuginosa, Aerobacter
cloacae, and Bacterium antitratum (Ward et al., 1964)
even wtlen grown autotrophically in simple inorganic
media. The possible public health implications of such
contal-aination in mass cultivation of algae for food and
feed cannot be overlooked. The solution to the problem
of contaminations in algal SCP production seems to be
high-temperature drying during which most of the con-
taminants would be killed (Lubitz, 1963). However, the
problem of heat-resistant pathogens and toxins is less
easy to resolve.
Nutritional values of single cell proteins
From Table 8, the protein content of bacterial
cells in general is higher (63 to 84 %) than those of
yeasts and algae. Their lipid content (2 to 11 %) is
lower, and their carbohydrate (2 to 20%) and ash (2
to 18 %) are highly variable. Bacteria isolated from
log phase growth cultures contain greater amount of pro-
19
Table 8. Proximate chemical composition of various micro-organisms
used in the SCP production







3 Braude & Foot (1942)8 18acetobutylicum 70
Escherichia
Spector (1956)20 1311coli 71
Ammerman & Block (1964)
Kates et al. (1963)
Hydrogenomonas
284 Banerjea (1958)eutropha 9 5
Luria (1960)
Johnson (1967)
Calloway & Kumar (1969)
Lactobacillus
691eichmanni 2 8 10 Hopkins (1929)
Pseudomonas
2spp. 1078 Ko et al. (1970)3.7
Yeasts
56Candida arborea 85 31 Bender & Doell (1960)
Candida lipolytica 1549 25 6 Champagnat et al. (1963)
Candida tropicalis 834 40 16 Takahashi (1967)
Rhodotorula
23gracilis 42 28 7 Lyle (1950)
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(Cont'd) Table 8. Proximate chemical composition of various micro-organisms
used in the SCP production





0 Joint United States6482cerevisae 34
- Canadian (1964)
Torulopsis
1100 Bressani (1967)spp. 3950
Torulopsis
8 4utilis Goyco (1955)3950 3
Algae
Chiorella
-*110spp. 1637 7 Gummert et al. (1953)
Chlorella
21} -*8pyrenoidosa 1} 7 5 Pruss et al. (1953)
Scenedesmus
obliguus 1159 18 11 10 Pabst et al. (1964)
Scenedesmus
-*quadricauda 51 7 17 11 I-irdlicka Prib`il
(1966)
* Data not available
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tein (Calloway & Kumar, 1969) collected from a culture
where nitrogen is limiting or from some petroleum product
media usually contain an appreciable amount of lipid
(Heydeman, 1960). The lipid may be triglycerides of
normal fatty acids, but more often, it is composed of
waxes (Synder, 1970 Kate et al., 1963) , C-17 and C-19
cyclopropane (Dawes, 1964 Repsake, 1966) or a polymer
of Bhydroxybutric acid (pyke, 1964). Some bacteria
can store carbohydrate which may be more easily digested
by mammals than lipid polymers or waxes (Hopkins et al.,
1929 Rehling Trugh, 1939 Braude Foot, 1942 Kaufman
et al., 1957 Magasanik, 1957 Banerjea, 1958 Luria,
1960 Ammerman Block, 1964 Dunlap Perry, 1967
Johnson, 1967 Tannenbaum Miller, 1967). For example,
Eschericnia coli can store glycogen if the medium con-
tains acetate (Banerjea, 1958 Luria, 1960). The cell
wall of the bacteria contains many unusal compounds not
found in yeasts and algae, which may be responsible for
some of the toxicity associated with their consumption
by human (Luria, 1960).
Levels of 23 to 56 % protein, 0 to 42 % fat 8
to 48 /o carbohydrate and 6 to 16 % ash are usually
obtained in dried yeast products. Tne lipid in young
yeast culture grown on carbohydrate media is primarily
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phospholipidswhich contain even number of carbons in
polyunsaturated fatty acids (Shaw, 1966). However, the
phospholipids of yeast grown on normal paraffin contain
odd number of carbons (Platt, 1962). Some yeasts, such
as Rhodotorula gracilis, are capable of accumulating
lipid mostly as triglycerides containing palmitic acid
when nitrogen or minerals are limiting factors for growth
(Eddy, 1958 Dyr Protiva, 1964 Synder, 1970). With
Saccharomyces cerevisae, and a medium low in glucose
or nitrogen would result in accumulation of carbohydrates,
mostly as glycogen (Kuenzi Fiechter, 1972).
The protein content may range from 24 to 59 %,
lipid from 7 to 11 %, carbohydrate from 17 to 42 %, and
ash from 5 toll % in algal cells (Waslien, 1975).
Algae harvested from media containing glucose (Milner,
1953 Pruss, 1953) have high levels of intracellular
carbohydrate (30 to 40 %) , largely in form of starch but
little glucose (McDowell Leveille, 1963). Cells
harvested from stationary cultures or from media with
low oxygen or low nitrogen contents accumulate .28
to 86 % lipids (Fogg Collyer, 1953 Milner, 1953
Pohl et al., 1971). These accumulated lipids are mostly
trigiycerides containing steric, palmitic and oleic
acids (Pohl et al., 1971). When there is adequate nitro-
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gen in the media, polyunsaturated tatty acids in the
form of triglycerides become prominent (Poh et al.,
1971).
Protein contents are found to be approximately
half of the dry weight in most micro-organisms. Un-
fortunately, the unbalanced amino acid profiles of these
proteins render them being less desirable as major food
protein than other protein-rich foodstuff such as milk
and egg. The chemical score (relative amount of the
essential amino acids) of the SCP range from 54 to 61
while those of egg and milk are 100 and 94, respectively.
The amino acids which are lacking or exist only in small
amount in micro-organisms are methionine and cystine
(Table 9). Lysine and isoleueucine usually only presents
at marginal levels (Table 9).
Feasibility of using SCP as supplementary feed for
live-stock and animal
Aniaml feed experiments on bacterial SCP indicated
that disrupted bacterial cella had a high digestibility
(Tannenbaum & Miller, 1967). Bacterial cells extracted
with ethanol and ether had a biological value approaching
that of casein (McNaught et al., 1950). tract, the
net protein utilization (NPU) by animals fed on washed
and boiled Hydrogenomonas eutropha cells was found to
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Essential amino acid contents and chemical scores ofTable 9.
various micro-organisms used in the SCP production





Calloway & Kumar (1969)714.0 7.12.78.6 3.32.58.0eutropha
Pseudomonas
Ko et al. (1970)1.74.7 5.96.2 571.8 5.00.6 1.7spp. 7.2
Pseudomonas
Yamada et al. (1968400.52.64.4 1.4 2.50.3 3.91.22.9aeruginosa
Yeasts
Candida
2.5 7.0 4.1 6.6 43tropicalis 0.4 1.4 0.6 Takahashi (1967)7.8 5.3
Saccharomyces
4.6 4.4cerevisae 1.1 2.1 6.21.2 Gyorgy at at. (1950)3.3 3.3 7.0 76
Lindan & Work (1951)
Goyco et al. (1959)
Torulopsis
utilis 0.7 1.9 6.7 4.31.25.4 6.3 451.2 Goyco et al. (1959)5.5
Algae
Spirulina
0.4maxima 6.6 1.7 4.8 1.5 4.6 4.6 6.31.3 45 Clement et al. (1967)
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Essential amino acid contents and chemical scores ofTable 9.
(cont'd) various micro-organisms used in the SCP production





1.11.8 5.64.9 Miller (1968)3.7 573.41.613.7 0.6ellipsoidea
Chlorella
4.14.5 1.11.8 5.5l.6 3.9 Miller (1968)12.3 0.6 57pyrenoidosa
Chlorella
0.91.70.5 1.7 5.4sorokiniana 3.83.8 Miller (1968)5.8 529.8
Chlorella
2.3 Schieler et al. (1953)2.2 1.0 1.1vulgaris 0.6 1.61.4 5.73.8 38
Scenedesmus
obliquus 6.9 4.01.5 1.7 Miyoshi (1959)5.7 5.9 3.0 5.1 71
* Data not available
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equal to that of casein (Calloway Kumar, 1969).
The digestibility of heated yeast cells (77 to
92 %) is relatively high. (Cremer,'1951 Novikova et al., 1969),
The yeast cells also has a relatively high protein efficiency
ratio (Schillerk et al., 1972). Some Candida.spp. grown on
petroleum products have higher biological value (BV).
The biological values of both Candida and Saccharomyces
spp. are approximately doubled by the addition of methionine
into the diet (Klose Fevold, 1945 Harris et al., 1951
Arakawa et al., 1959 Mitsuda et al., 1967 Shacklady,
1969 Mitsuda, 1973, Schillerk et al., 1972) which indicates
the deficiency of methionine in yeast proteins. A low
protein effeiciency ratio (PER) has generally been observed
in feeding trials with yeast cells. In one study with
rat fed with Torulopsis utilis, the PER (Osborne Mendel,
1919 Goyco, 1955) was negative, and the biological value
(Osborne Menael, 1919 Goyco, 1955) was low.
Most algae must be processed in order to rupture
their cell walls before they can be used as food or feed.
Algal cells which have not undergone heat-dry treatment
(i.e. air or sun dried) are poorly digested (Mogren et
al., 1973). In some cases, extraction of raw algae with
organic solvents or rupture the algal cell walls by
homogenization (Hayami Shino, 1959 Miyazaki
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Hayakawa, 1961 Casey Lubitz, 1963 Kraut Rolle, 1968
Mogren et al., 1973) improve the digestibility of the
algal cells. The isolated protein from algae is highly
digestible and has a high BV. However, the isolation
process for algal protein is very costly. Thus, the
generallyrecommended process for improving the nutrititive
value of the algal cells is to heat-dry the harvested
algal cells in order to increase the availability and
digestibility of the algal protein.
In considering the three areas of problems
associated with SCP production, one might think that algae
are not the perfect micro-organisms for SCP production
due to low digestibility, possible contamination with
enteric pathogens during mass cultivation and the high
cost of harvesting. However, the availability and low
cost of the substrates (i.e. carbon dioxide), and the
economic transformation of solar energy into chemical
energy definitely offer two treat and important advantages
(Burlew, 1953 Tamiya, 1957 bunker, 1968) in the
production of algae as food and feed.
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2) Production of algal protein
Burlew (1953) reported a yield of 30 gm/m2/day
under optimal condition from cultivation of Chlorella.
Tamiya (1957) cultivated unicellular green algae
(Chlorella spp.) in laboratory scale and had a yield of
22 gm/m2/day. The first large-scale outdoor cultivation
unit for microalgae was carried out by the Arthur D. Little
Co. in 1962, and a yield of 10 gm/m2/day was obtained.
Although mass cultivation of unicellular algae was
first started in the United States, the work on large-
scale production of Chlorella, cells for. fooa supplement
has been extensively carried out in Japan and Taiwan and
become a commercial industry (Krauss, 1962). In Germany,
mass cultivation of algae has been concentrated on
Scenedesmus (Soeder, 1971), and the "Kohlenstoffbiologische
Forschungsstation e.V."in Dortmund has been intensively
engaged in improving mass cultivation of these microalgae.
In Czechoslovakia, the production of algae from mass
culture for commercial feed has been estimatea to over
100,000 tons/year (Badour et al., 1970). In the Soviet
Union, the algal SCP production contributes near
l0° tons/year for animal fodder. The British Petroleum
Company in the United Kingdom and France also carry out
programs to supply algal protein for animal feed. In
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addition, mass cultivation of algae has been carried out
by scientists in Bulgaria, Hungary, Poland and Rumania.
The aim of their research is mainly to produce algal
protein for feeding of poultry and aquaculture.
During the initial phase of research in mass
cultivation of unicellualr algae, the culture media used
were all chemically defined media. Later, Oswald et al (1953a,
1953b) in tiie search for a cheaper medium in order to
lower the production cost of algal SCP, found tilat domestic
sewage could serve as a desirable mecium for mass cultivation
of unicellular algae. Oswaldet al (1953a, 1953b) pointed out
that sewage grown algae could serve as low cost biomass
for animal feed and as inorganic nutrient-removal micro-
organisms. This idea was further supported by the work
of Oswald Gotass (1954, 1957)9 Oswald et al. (1957),
Hum.enik Hanna (1971), McGarry et al. (1972), Dor (1975), and
Miller et ai.(1977).In their studies, Oswald Gotass (1954,
1957) used the symbiotic activity of .algae-bacteria for
treatment of sewage in oxidation pond. The separation
of the bacteria and algae from the treated sewage is
essential in order to produce a suitable effluent before
discharging into coastal water. The separated algae were
then used as a protein source for animal feed. Dor (1975)
found that the growth rate of sewage grown algae was
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slower than those of the same algal species grown in
defined media under laboratory condition however.
The secondary treated sewage effluent usually
has a relatively high level of inorganic nutrients such
as nitrogen and phosphorus which are the key nutrients
for algal growth (Fitzgerald & Rohlick, 1962 Bogan et al.,
1960; Shapiro & Ribeiro, 1965; Thomas, 1966, 1970; Eppley,
1971; Ryther, 1971; Environmental Science Engineering/In-
stitue of Evolutionary & Environmental Fiology, University
of California, Los Angeles, 1975). Base on this idea, Gate
& Borchardt (1964), Gloyna (1968), Ryther (1971) and Goldman
et al. (1972, 1974) investigated the cultivation of algae
in secondary treated sewage effluent. Ryther (1971),
Goldman et al. (1972, 1974) and Environmental Science &
Engineering/ Institue of Evlutionary & Environmental
Biology (1975) were able to design a tertiary sewage
treatment-algae-aquaculture system. With this system,
Ryther (1971) and Goldman et al. (1972, 1974) used
secondary treated sewage effluent-seawater mixture to
cultivate many species of unicellular marine algae
(mainly diatoms)and then feed the diatoms to the shell-
fish (oyster, clam and mussel, etc.). Later, Goldman
et al. (1974) were able to construct a tertiary sewage
treatment-algae-cladoceran-shellfish artificial food chain.
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In this system, selected phytoplanktons first utilize
and remove the nutrients form the secondary treated sewage
effluent and are then used as food source for bivalves.
The solid waste regenerated by the steelifisn , in the
form of feces and pseudofeces are then fed to a secondary
crop of detrital-feeding fish (e.g. mullet) , crux teacea
(e.g. lobster, crab, and shrimp) and other invertebrates
(e.g. polychaete worms such as Capitella capetata or
Nereis vireas). Dissolved wastes produced by the shell-
fish are utilized by crops of commercial ,riacroscopic
red algae (eg. Choridus and Grac i laria etc.). The net
products from this system are effluent containing much
lower concentrations of inorganic nutrient tnan natural
seawater and several crops of marine animals and plants.
Environmental Science Engineering / Institue
of Evlutionary Environmental Biology (1975) aimed
at production of algal biomass from sewage effluent as
the starter of the artifical food chain. They used
Daphnia as the grazing animal to remove the algae from
the sewage effluent, and then the Daphnia was fed to
various species of fish.
Mcshan et al. (1974) used treated or raw waste-
water grown algae as a feed source for the brine shrimp
(Artemia spp.) as a method to offset some of the costs
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of the operation system of wastewater treatment.
Humenik & Hanna (1971) reported high removal efficiencies
of inorganic nutrients from wastewater by algal-bacterial
symbiosis. McGriff & Mckinney (1971) worked on the removal
efficiencies of BOB (Biochemical Oxygen Demand), phosporus
and nitrogen from wastewater by the algal-bacterial sym-
biosis system which he called "activated algae" system.
Miller et al. (1977) and Wong et al. (1977) proposed
that extract of sewage sludge can also be used as
culturing medium for unicellular algae.
By use of controlled algal culture, the removal
efficiency of nitrogen from freshwater sewage effluent
has been reported to range from 50 to over 95 % (Witt
& Borchardt, 1960 Bush et al., 1961 Neel et al., 1961
Hemens & Mason, 1968 Hemens & Stander, 1969 Reeves, 1972).
The removal efficiency of nitrogen from sewage effluent
with high salinity by marine phytoplankton alone or in
combination with other marine aquacultures was reported
to be over 95% (Goldman et al., 1974). The removal
efficiency of phosphorus, on the other hand, has been
reported to be not nearly as complete as only 19 to 80
% was removed (Bogan et al., 1960 Witt & Borchardt, 1960
Greer % Ziebell, 1972 Goldman et al., 1974)
In addition to the products from sewage treat-
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ment (sewage effluent and sludge) , wastes from domestic
animals,which containing relatively high amount of organic
nitrogen (e.g. urea) are also used for algal cutlivation (
Allison et al., 1954 Birasey & Lynch, 1y62 Syrett, 1962
Chrost et al., 1975 Garrett et al., 1978). Urea has been known
as a good nitrogen source for mass cultivation of algae
(Matusiak, 1976 Matusiak et al., 19,76a TN!atusiak et al . ,
1977) since the presence of urea maintains a relatively
constant pH favorable for the algal cells on one hand
and limits.the development of other inicroflora on the
other.
3) The objectives of the Resent study
The objectives of the present study were to
produce high protein-containing, unicellular algal bio-
mass in treated sewage effluent having high salinity,
and in low cost artificial medium in local (Hong Kong)
climatic conditions. In the sewage grown algae project,
the excessive amounts of inorganic nutrients (nitrogen
and phosphorus) existed in the treated sewage effluent,
which were considered as potential pollutants of coastal
marine water, were removed by the algae during the mass
cultivating period. The low cost artificial medium
(HKC 1.4/litre) was used to mass cultivate another
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unicellular green alga which contained high grade
protein.
The work of the present study involves the
following:
i) Quantitative and qualitative chemical analysis of the
sewage effluent produced by the sewage treatment plant
of The Chinese University of Hong Kong. This would
give the-information on the nutrient status of the.
effluent as whether cultivation of unicellular algae
in this effluent was pos6ibie.
ii) To select suitable algal species which has high pro-
tein content and can grow well in treated sewage
effluent having high salinity or in low cost
artificial medium under local climatic conditions in
outdoor mass cultures.
iii) To define the optimal growth conditions for the
selected algal species in laboratory, so triat their
maximal yields can be compared with those grown
under outdoor conditions.
iv) Laboratory experiments to determine the removal
efficiencies of inorganic nitrogen and phosphates
alyice
by the selected grown in the sewage effluent and in
the artificial medium
v) Experiments were carried out in outdoor small unit
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(rocking tray) and in small scale pilot cultivation
tank in order to compare the maximum yields of algal
biomass and removal efficiencies of inorganic nitrogen
and phosphates by the algae between indoor and out-
door cultivation.
vi) To find out the most suitable and economic method
to harvest the algal cells from the culture media
for further processing of the algal cells.
vii) To carry out feed experiments with silver carp
(Hypo hthalmichthys molitrix) with the algal bio-
mass produced in order to evaluate the feasibility




Eleven strains of Chlorella, one strain of Scenedesmus,
four strains of Coelastrum and two strains of Euglena were
used for initial screening in order to select the most
suitable algal species for further experiments. Selection
was based on two criteria: 1) The algal cells should have a high
protein content (greater than 45 /o dry weight) , 2) The
algal cells should be able to grow well in the sewage effluent
or in the Artificial Medium. The sources of these algae
are listed in Table 10.
Stock cultures of these algal species w,--re kept
in agar slants consisted of 2 / agar in Modified Bristol's
Medium (Starr, 1964) under a constant temperature at 25°C
and dim light (100 foot-candle) conditions.
Culture media
The culture media used in this study are listed
below: Modified Bristol'smedium (MBM) , Modified Complete
Medium (MCM) , and Artificail Medium (.AM). The chemical
composition of these media are showed in Table 11, Table
12 and Table 13, respectively.
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Table 10. Algal strains used for initial
screening
Algal strain source








IULi C/IChlorella pyrenoidosa 343
IUca395Chlo_rella pyrenoidosa
1230 IUccChlorella pyrenoidosa
locally isolated fromChlorella sauna CU-1
Tolo Harbour, Hong Kong.
614 Dr.Francis R.TrainorScenedesmus quadricauda
1 184 Dr.Kwong-yu ChanCoelastrum proboscideum
Jr. Kwono-yu ChanCoelastrum microporum 280
Dr.Kwong-yu ChanCoelastrum microporum 281
282 Dr.Kwong-yu ChanCoelastrum proboscideum
IUCC160Euglena gracilis
IUCCEuglena gracilis T 752
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10 mlTrace elements (100 x)
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Chemical analysis of sewage effluent
In Hong Kong, due to the lack of large freshwater
systems, seawater is used for flushing while freshwater
is used only for washing and drinking. The high salinity
is a unique feature of the domestic sewage effluent in
Hong Kong. The secondary sewage treatment plant of The
Chinese University of Hong Kong serves a population, of
5,000 and receives an average of 300,000 gallons of waste-
water daily. Approximately 50 % of the influent is sea-
water from the flushing system. Thus,the salinity of the
sewage effluent is relatively high, ranging from 10 to
16 %o (Kueh, 1974).
Fresh sewage effluent, filtered through Aqua-pure
dirt/rust filter (AMf, AP110), was collected from the
chlorination tank of the sewage treatment plant of The
Chirese University of Hong Kong biweekly. The effluent
was transported to the laboratory immediately after col-
lection and chemical analyses were made of the sewage
effluent.
The NH4-N concentration of the sewage effluent
was measured by the potentiometric method by using
ammonia electrode (Orion Model 95-10) and a digital




The N03-N concentration of the sewage effluent
was measured colorimetrically by the brucine method
(American Public Health Association, 1971).
3) PO-34-P determination
The amount of PO-34-P in the sewage effluent
was measured colorimetrically by the stannous chloride
reduction method together with ammonium molybdate
(American Public Health Association, 1971 Environ-
mental Protection Agency, 1971). The concentrations
the color complexes formed in the NO3-N and PO-34-P
determinations were measured from the visible spectra
of these color complexes using the ultraviolet-
visible spectrophotometer (Varian series 634).
4) pH
pH of the sewage effluent was measured by use
of Sargent-Welch pH meter (Model LS) and a specific
ion electrode (S-30072-15).
5) Biochemical Oxygen Demand (BOD)
BOD of the sewage effluent was measured by
the calculation of the difference between dissolved
oxygen (D.O.) of the original sewage effluent and
that of five days incubated sewage effluent. The
D.O. was measured by Winkler titration method
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(American Public Health Association, 1971). The D.0.
concentration in the sample was calculated by the
following equation:
D.Q. = volume of Na2S2O3 used in titration x
159.04
then, BOD5 was calculation by the following equation:
BOD5 = D.O.1- D.0.5
in which, D.0.1 is the dissolved oxygen in original
sewage effluent and D.0.5 is that of five days
incubated sewage effluent.
6) Salinity
Salinity expressed as parts per thousand (%o)
was measured by the conductimetric method. The
salinity of each sample was calculated according to
the following equation:
Salinity (%o ) = 0.6 x conductance x 640
in which, 0.6 is the cell constant of specific ion
electrode, conductance is the conductance of sample
measured by a Wiss.-Techn.-Werstatten (WTW) conducti-
meter at 25°C, and 640 is a constant.
7) Minerals and heavy metals
Since the sewage effluent consists of about 50
% seawater, so that conventional methods for measure-
ment of the mineral and heavy metal contents in sewage
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effluent cannot be employed due to interference by
the presence of large amounts of sodium, potassium
and calcium in saline sewage effluent an organic
:iolvent (Methylisobutyl ketone, MIRK) was, used to
extract the minerals and heavy metals separately
under specific pH levels. After MIBK extraction,
the measurements of different minerals and heavy
metals were carried by using a Perkin-Elmer 360
Atomic Absorption Spectrophotometer. The amounts
of sodium, potassium and calcium of sewage effluent
were measured by EEL 100 Flame Photometer.
Laboratory experiments
(Aseptic technique was used throughout these experiments
and all culturing media were sterilized by autoclaving.)
1) Selection of algal species
Pure culture of the algal strains were subcul-
tured in Modified Complete Medium and grown in 500 ml
flasks under a controlled temperature at 25 ± 2°C.
Fluorescent tubes (cool-white) providing a light intensity
of 400 foot-candle were used with a 16/8 light-dark
cycle. In addition, aeration was provided by bubbling
filtered air into each culture.
Exponentially growing cultures of these algal
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strains were then inoculated into sewage effluent.
Artificial Medium and also into Modified Complete
Medium as control. The final concentration of cells
was adjusted to 105 cells/ml. The cultures were
grown under the conditions previously described.
Growth was expressed as changes in cell numbers of
the cultures, which was determined by direct cell count
with a haemocytometer under a phase-contrast microscope
(Nikkon) on two-day intervals until growth of the cultures
came to stationary. The protein contents of the algal
cells in each cultures was measured by taking out aliquots
form each stationary culture and were measured by the
Folin method (Lowry et al., 1951)
2) Determination of removal efficiencies of inorganic
nitrogen and phosphate by the selected algal species
Cultures of the selected. algal strains were
set up in sewage effluent, the Artificial Medium and
Modified Complete Medium under the same growth con-
ditions as previously described. Aliquots of the cul-
tures were taken out and the contained concentrations of
inorganic nitrogen and phosphate were determined by
the methods described in previous paragraphies on two-day
intervals until growth of de ultures came to stationary
The ratios of inorganic nitrogen (NH4-N and NO3-N)
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and phosphate (PO-34-P) concentrations in the culturing
media before and after the algal growth were calculated.
The removal efficiencies of inorganic nitrogen and
phosphate by selected algae were expressed as percent-
age of inorganic nitrogen and phosphate as compared
to the initials.
3) Determination of the yields of the algal cultares
A 10 ml aliquot of the stationary culture was
taken out and placed in preweighed crucible which was
dried in an oven at 110C to constant weight (24 hours).
The yield of the culture was calculated by the following
equation:
Yield (mg/l)
(wt.of crucible and dried algae)-(wt.of crucible)
(mg) (mg)
volume of aliquot (l)
Tne unit (mg/1) of yield was then converted to gm/m2
by the followin equation:
Y = y x d
where Y was yield in unit of gm/m2
y was yield in unit of mg/1
d was depth of the culture in meter
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4) Evaluation of various factors affecting the growth
of the selected algal species
Inoculum size
The algal cells were inoculated into the
Modified Complete Medium at initial cell concentrations
of 104, 105, and 106 cells/ml. Growth of the cultures
was monitored until growth was completed.
Preferred inorganic nitrogen source by the selected
strains and their concentration limits
Exponentially growing algal cells were
inoculated into a series of flasks containing media
with 10 mg/1, 50 mg/l, and 100 mg/l NH4C1 or NaNO3
Growth of the cultures was monitored by direct cell
count.
Effect of combinations of various inorganic nitrogen
sources
Cultures were grown in Modified Complete Medium
in which the original N source was omitted and sub-
stitued by combinations of NH4C1 and NaNO3 at 4:1,
1:1, and 1:4 ratios with a total N concentraion of
50 m11g/1. Cultures in Modified Complete Medium and
Modified Complete Medium containing 50 mg/l NH4C1
or 50 mg/l NaNO3 as the sole 14 source were also set
up as controls.
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Effect of pH on growth
Algal cells were inoculated with ahinitial cell
concentration of 105 cells/ml into a series of flasks
containing the Modified Complete Medium of which the pH
was adjusted to 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0 by
addition of 1 N hydrochloric acid or 1 N sodium hydroxide.
The growth of the cultures were determined by direct cell
count.
Effect of salinity on growth
The salinity of the Modified Complete Medium con-
tained in a series of flasks was adjusted to 5 %o, 10 %o,
15 % , 20 %, 25 % , and 30 %. by adding concentrated solution
of NaCl. Modified Complete Medium was prepared as control.
Exponentially growing cells were inoculated into these
culture media with an initial cell concentration of 105
cells/ml. Growth was measured at 2-day intervals by direct cell
count.
Effect of aeration on growth
Cells of Chlorella salina CU-1 were inoculated
into four sets of flasks containigg sewage effluent with
an initial cell concentration of 105 cells/ml. One set
of cultures was aerated with filtered air, another two
sets of cultures were aerated with filtered (with cotton)
air enriched with 1 % and 5 % carton dioxide while the re-
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inaining set was not aerated at all. Growth was monitored
by direct cell count.
Identical experiment was set up with Artificial
Medium and Chlorella pyrenoidosa 251 was used as the tested
organism.
Since these two culturing meuia (sewage effluent
and Artificial Medium) did not posses any buffer system,
pH changes during the culturing period were recorded in
addition to growth determination.
Effect of temperature on growth
Algal cells were t.inoculated into five sets of flasks
containing Modified Complete Medium at an initial cell con-
centration of 105 cells/ml. These five sets of cultures
were placed separately into 20°C, 25°C, 30°C, 35°C, and
40°C constant temperature water baths maintained by using
therrno.statical controlling devices. Growth was monitored
by dirct cell count.
Effect of light intensity on growth
Algal cells were inoculated into six ._.ets of
flasks containing Modified Complete Medium at an initial
cell concentration of 105 cells/nil. These six sets of
cultures were placed separately under 100, 200, 300,
400, 500, and 800 foot-candle light intensity in the
culturing chambers. Growth was monitored by direct cell
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count.
Comparison of the growth rates of the selectd algal species
in Modified Gmplete Medium and the experimental media
(sewage effluent and Artificial Medium) under optimal
growth conditions
Algal cells were inoculated into the Modified Com-
plete Medium, sewage effluent and Artificial Medium, and
the cultures were grown under optimal growth conditions
whicn were the combinations of factors supporting the best
growth of the specific algal species as determined by the
experiments described in previous paragraphies. Growth
of these cultures were monitored by direct cell count.
5) Determination of photosynthetic rates of the selected algal
species
a) Factors influencing photosynthetic rates of the selected
algal species
Effect of pH on photosynthesis
The pH values of Modified Complete Medium contained
in a series of reaction flasks were adjusted to 6.0, 6.5
,7.0, 7.5, 8.0, 8.5, and 9.0 by adding 1 N hydrochloric
acid or 1 N sodium hydroxide. Algal cells, after placed
in dark for 24 hours, were inoculated into these media.
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Photosynthetic rates of these cultures were measured by
use'a Gilson differential respirometer.
Effect of temperature on photosynthesis
Algal cells, after placed in dark for 24 hours, were
inoculated into the Modified Complete Medium. Photsynthetic
rates of these cultures were measured by useCfa Gilson differential
respirometer with the water bath operatin at 25°C, 30°C, 35°C,
and 40°C.
b) Comparison of the photosynthetic rates of the selected
algal species grown in the Modified Complete Medium and
experimantal media (sewage effluent and Artificial Medium)
under optimal pH+ and temperature
The pH values-of filtered sewage effluent and Artifi-
cial Medium were adjusted by adding 1 N nydrochloric
acid or 1 N sodium hydroxide to optimal according to the
experimantal results obtained with Modified Complete
Medium. Algal cells were inoculated into these media
and into Modified Complete Medium. The photosynthetic
rates of these cultures were measured by use\7a Gilson di-
fferential respirometer with the water bath operating
at optimal temperatures as determined previously.
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Outdoor experiments
1) Climatic condition of Hong Kong
The information on temperature of air, relative
humidity, cloudiness, sunshine and evaporation from
January, 1978 to December, 1978 was obtained from the
Monthly Weather Summary published by Royal Observatory
of Hong Kong Government.
In outdoor experiments, only the temperature of
the culturing media was measured and recorded by plaacing
a thermometer submerged in the culturing unit or tank.
2) Experiment with outdoor samll unit
A motor-operated, outdoor culturing unit (rocking
tray) consists of 4 tanks (1.2 m x 0.3 m x 0.15 m, see
Fig. 1) made by polyacylate sheets was installed on the
roof-top of the University Science Centre of The Chinese
University of Hong Kong. The rocking action of the tray
provided sufficient circulation and aeration to the
cultures. In order to obtained the most intensive
solar radiation for algal growth, only 5 liters of sewage
effluent filtered by a series of two Aqua-pure dirt/rust
filters (AMF, APllO), or Artificial Medium was placed
in each tank of the unit. Algal cells were inoculated
into the tank at an initial cell concentration of 105
cells/ml. Growth and removal efficiencies of inorganic
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Fig. la Outdoor small unit (rocking tray)
Fig. lb Algal cultures in outdoor small unit
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nitrogen and phosphate in the media, pH changes during
the cultivation period were measured by the methods de-
scribed before. The yields of the stationary cultures
were also determined. Furthermore, the checking of
possible contaminations of the cultures were also carried
out at least once a day during the cultivation period.
3) Experiment with outdoor pilot scale cultivating tank
A 3.0 m2 concrete algal cultivation tank (Fig. 2
to Fig. 5) with associated filtration syatem (Fig. 6)
containing two Aqua-pure dirt/rust filters (AMF, AP 110)
and pumping and circulation system (Fig. 7) operated by
a 1.5 horsepower pump were constructed next to the
chlorination tank at the sewage treatment plant of
The Chinese University of Hong Kong. Aeration was pro-
vided by compressed air. Sewage effluent from the chlorination
tank was pumped through the Aqua-pure dirt/rust filters
and then drained into the cultivation tank. When
Articial Medium was used, the medium was prepared directly
in the tank by completely dissolved all the chemical
ingredients with tap water. Approximated 550 liters of
sewage effluent or Artificial Medium were used in each
run which provided a depth of 20 cm for the culture.
Algal cells of the selected algal species were inoculated
into the tank at an initial cell concentration of 105
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Fib 2 Diagrammatic topyiew of outdoor pilot
cultivation tank
AV : Air nasal
C : Chlorination tank
CA : Compressedair





S : Copper screen
SE : Sewage effluent
SW : Side wall






















Fig. 3 Topview of outdoor pilot cultivation tank
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Fig. 4 Diagrammatic sideview of outdoor pilot
cultivation tank
CW : Central wall
SE : Sewage effluent









Fig. 5 Sideview of outdoor cultivation tank
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Fig. 6 Filtration system of outdoor pilot
cultivation tank
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Fig. 7 Pumping and circulation system of outdoor
cultivation
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cells/ml. Growth of the algal cells, cnanges oi pn
and temperature of the culturing medium, and yield
and contamination of the culture were monitored by
the methods described already.
Processing of the algal biomass
1) Harvesting of the algal cells
Since elapsing times for flocculation of selected
algal species in sewage effluent and in the Artificial
Medium were different, applications of gravity separation
and centrifugation for harvesting of algal cells from
liquid medium were carried out.
Gravity separation
The circulation provided by the pumping system was
stopped after the algal cultures reached maximum growth
and the algal cells became floccu.iated for 24 hours,
so that a thick algal sediment was formed on the bottom
of the cultivation tank. After the supernatant was drained
out, the concentrated sediment was collected from the
outlet of the cultivation tank by adding a limited amount
(20 liters) of tap water. This process also served
to wash the algal biomass.
Centrifugation
The concentrated algal suspension originally grown in
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the sewage effluent was centrifuged with a Sorvall
RC2-B Automatic Superspeed Refrigated Centrifuge
operated at 3,000 g for 10 minutes and after washing
twice with tap water, the algal slurry was then col-
lected for drying. Tile concentrated algal suspension
originally grown in the Artificial Medium was centrifuged
by the centrifuge at 3,000 g for 10 minutes. Washing
was not required for the algae grown in the Artificial
Medium.
2) Drying of the algal biomass
Oven drying at 110°C
The algal slurry, after centrifugation, containing
10 to 20 % water was dried in a Memmert universal
oven maintaining at a constant temperature of 110°C
for three hours.
Vacuum oven dr in at 40°C
The algal slurry was dried in a vacuum oven
(Precision Scientific Model 19) at 40 C for ten
hours.
Air drying at 25±3°C
The algal slurry was dried in open air at 25
±3°C for 3 to 4 days.
The crude protein contents of the dried cells obtained
by these three methods of drying were measured by
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the method described by Lau (1977), and the moisture
was measured by the method recommended by Association
of Official Analytical Chemists (1975).
3) Storage of the dried algal biomass
Dried algal pellets were blended by the
Waring commercial blender for five minutes-
into powder form and the algal powder was placed in
stopper-bottles and stored in a desiccator for further
usage.
Chemical analysis of the harvested algal biomass
1) Crude protein (Lau, 1977)
Crude protein contents expressed as % of dry
weight of the dried algal biomass were determined
by the micro-Kjeldahl method (Association of Official
Analytcial Chemists, 1975). The Kjeldahl nitrogen
was determined by using an ammonia electrode (Orion
Model 95-10) and a digital Orion pH/mv ionlazer.
And the % of nitrogen of the sample was calculated
by the following equation:
of N = sample weight7
In which Q =(Cs/Cd), and Cs was the concentration in mole of N
of the sample, and Cd was the concentration of N of
the standard NH4Cl solution in mg/1; 14.01 is the
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atomic weight of the nitrogen.
Dien, the crude protein content of the sample
was calcualated by the following equation
% of crude protein = % of N x 6.25
2) Crude fat (Association of Official Analytical
Chemists, 1975)
The fatty and ether soluble componentis of the
algal biomass were extracted by anhydrous ether in
a Soxhlet extraction apparatus. Since a portion of
ether soluble. components was not lipid in nature,
the ether extract portion represented the crude fat
content. The % of crude fat was calculated by the
following equation:
Amount of ether extract (gm)
% of crude fat = x 100 %
sample weight (gm)
3) Carbohydrate (Association of Official Analytcial
Chemistists, 1975)
A direct method for the determination of carbo-
hydrate content of the algal cells was not available,
and measuring the glucose content of the algal biomass,
after acid hydrolysis, was considered as an indirect method
for measuring carbohydrate content. The concentration
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of glucose after acid hydrolysis of tie dried algal
cells was determined by the Anthrone method. The %
of carbohydrate was calculated by the following
equation:
of carbohydrate =(250 x C)/ sample weight (gm
in which C is the concentration of final sample
solution in mg glucose / ml.
4) Ash (Association of Official Analytical Chemists,
1975)
After ignited at 550°C in a furnace, the ash
content of the algal cells was calculated by the com-
parison between the weight remained after ignitation
and that of the initial sample.
% of ash =(weight a:rter ignitation/ sample weight) x 100 %
5) Crude fiber (Association of Official Analytical
Chemists , 1975)
Content of crude fiber in the algal cells was
determined by the method of combined digestion with
1.25 % sulpnuric acid and 1.25 % sodium hydroxide.
The % of crude fiber was calculated by the following
equation:
(dr wt. after acid & base treatment)-
% of crude fiber =(dry wt. after ignitation) x 100 %
sample wt.
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6) Nucleic acid content
Nucleic acid of the algal cells was extracted
by combinations of 100 % methanol, 5 % trichloroacetic
acid, 95 % ethanol, and 100 %o ether (Smillie
Krotkov, 1960). Extracted residue was further analysed
for RNA and DNA contents according to the method of
Smillie Krotkov.(1960).
Ribonucleic acid (RNA)
The extracted residue was treated with 0.3 N
potassium hydroxide and acidified with perchloric
acid to pH 2.0. The RNA fraction was separated by
using column chromatography (Dowex-1 resin, chloride
form, 200 mesh) at pH 2.0 to 3.0. The concentration
of RNA was determined by the orcinol method (Mejbaum,
1939).
Deoxyribonucleic acid (DNA)
The extracted residue was treated with 5 /o
perchloric acid and the concentration of extracted
DNA was determined by the diphenylamine method (
Angermann Bielschowsky, 1930 Ogur Rosen, 1950).
7) Chlorophyll a
Chlorophylls of the algal cells were ex-
tracted by 90 % acetone (Richards & Thompson, 1952)
and absorption at 665 nm of the extract was measured.
After a mathematical correction for the maximal
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absorption of chlorophyll a at 665 nm by substraction
of absorptions of 645 run and 630 nm, the concentration
of chlorophyll a was calculated by the equation of
Parsons Strickland (1965).
8) Vitamin
Vitamin A (The Association of Vitamin Chemists,
1966)
Vitamin A of the al-al cells was extracted by
100 % ether and then absorption. of the extract was
measured at 325 nm. After a mathematic correction for
the maximal absorption of vitamin A at 325 nm by sub-
straction the absorptions of 310 rim and 334 nm (Morton
Stubbs, 1948),
The concentration of vitamin A was calculated by the
following equation:
u.s.p. unit of vitamin A / gm of samp1e
where A(cor.) = corrected absorption of vitamin A
C = concentration od sample in term of
gm/1 isopropanol
L = light-path length
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5700 = factor to transform the unit of spec-L
photometry to t11e unit of gravimetry
0.3 = factor to tarnsform the unit of gm to the
unit of u.s.p.
1 Jug = 3.6743 u.s.p. unit
Thiamine ( Association of Official Analytical Chemists, 1975)
Thiamine in the algal cells was extracted by
0.1 M nydrochloric acid. After oxidized by K2Fe (CN)6
to thiocnrome, the concentration of thiamine in the
extract was determined by the intensity of fluorescence
measured by a. spectro-fluorometer (Turner Model 430).
The concentration of thiamine was calculated by the
following equations:
C = Jug of thiamine / ml of sample =
mg thiamine/ 100 gm sample = (5 x C)/ sample wt.
where I = Intensity of fluorescence of assay sample
b = Intensity of fluorescence of sample blank
S = Intensity of fluorescence of assay std.
d = Intensity of fluorescence of std. blank
Riboflavin (Association of Official Analytcial Chemists,
1975)
Riboflavin of the algal cells was extracted by
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O.1 M hydrochloric acid. After oxidized by Na2S204
to fluorescent compound, the concentration of ribo-
flavin of the sample was calculated by the following
equation:
C = ug riboflavin / inl of sample =
where I = Intensity of fluorescence of assay sample
I'=-Intensity of fluorescence of assay std,
Q = Intensity of fluorescence of assay
sample added Na2S204
Q' = Intensity of fluorecence of assay std.
added Na2S204
then the concentration unit of ug/ml was converted to
the unit of mg/100 gm by the following equation:
mg of riboflavin/ 100 gm sample = (12.5 x C)/sample wt.
Niacin (Association of Official Analytical Chemists,
1975)
Niacin of the algal cells was extracted by con-
centrated calcium hydroxide solution at 121°C and 15
lb/in2. After reaction with cyanogen bromide and
sulphanilic acid, a yellow color complex was produced
and measured colorimetrically from a prepared standard
curve.
Vitamin C (Association of Official Analytical Chemists,
1975)
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Vitamin C of the algal cells was extracted by
a mixture of metaphosphoric acid and acetic acid. The
concentration of vitamin C in the extract was measured
by titration with calibrated indophenol standard
solution. The concentration of the vitamin C. in the
sample was calculated by the following equation:
mg of vitamin/gm of sample = (X-B) x (F/E) x (V/Y)
where X =average volume (ml) of indophenol standard
solution used for titration of sample
B = average volume (ml) of indophenol standard
solution used for titration of blank
F = mg of vitamin C equivalent to 1.0 ml
indophenol standard solution
E = sample weight (gm)
V = initial volume of assay sample
Y = vol. of aliquot of assay sample taken
out for titration
9) Determination of the amino acid composition of the
algal proteins
a) Acid hydrolysis
Ethenol extracted dried algal cells was
hydrolysed with 6 N hydrochloric acid under
vacuated and at 1100C for 24 hours. The hydrolysate,
after removal of hydrochloric acid, was dissolved
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in acidic citrate buffer and filtered through milli-
pore filter paper (0.45 ,u). The prepared solution
was applied to an automatic amino acid analyser
(Beckman Model 120 C) for determination of the
amino acid profile of the sample by compared with
a prepared standard curve.
b) Alkaline hydrolysis
Since tryptophan would be oxidized curing
acid hydrolysis., alkaline hydrolysis was used to
determine this specific amino acid. The procedure
of alkaline hydrolysis was very similar to that
of acid hydrolysis except that concentrated barium
hydroxide solution was used to replace 6 N hydro-
chloric acid.
10) Minerals and heavy metals
Algal cells was digested completely by a con-
centrated nitric acid and 75 % perchloric acid mix-
ture. The digest was then dissolved in minimal volume
of concentrated hydrochloric acid and diluted to desired
volume. The prepared solution was used for measurement
of various minerals and heavy metals by an atomic ab-
sorption spectrophotometer (Perkin-Elmer 360), while
the concentrations of sodium, potassium and calcium
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in the prepared solution were measured by EEL 100
Flame photometer.
Experiments for evaluating the feasibility of using
the dried algal biomass as supplementary fish feed
1) Preparation of the fish diets
Dried algal powder in the amounts of 5 %, 10 %,
and 20 % were mixed with powder artificial fish meal
(Color Carp Food, Energy Co.Ltd., Japan) and denoted as
A5, A10, and A20, respectively. The fish meal contains
35 % crude protein, 2 % crude fat, 5 % crude fiber,
9 % ash and certain amounts of vitamins, minerals and
other growth factors. These mixtures (A5, A10, and A20)
and the original fish meal (denoted as AF) were-passed
through a 40-mesh screen mill for removal of the
larger sized particles in these mixtures. In addition,
live algae suspension, concentrated by centrifugation
and denoted as A, was used as fish diet.
2) Rearing facilities
Plastic tanks (60 cm x 50 cm x 30 cm) provided
with aeration and filtration system were set up. A
submerged thermometer was used to check the temperature
of the water in the tank. The water was changed within
acceptable limited interval which depends on the
75
quality of the water. A 10/14 light-dark cycle and
18 ± 2°C was employed.
3) Experimental fish
Silver carps (Hypophthalmichthys molitrix,
see Fig.8) with body - length ranging from 9 to 11 cm
were collected from local f isn farms. A antibiotic
bath (with 10 mg/l streptomycin) for 3 hours was em-
P-LoYed to the experimental fish before the feeding
experiment. The initial body weight of'the fishes
used ranged from 6 to 8 gm/head. One hundred fishes
were divided into 5 groups of 20 fishes each. These
5 groups of fish were fee. with the following 5 diets:
A, A 5, A10, A20 , and AF (artificial fish meal as
control). These fishes were fed with these 5 diets
with amount of 50 mg/head once per day.
Measurement of lish growt4)
All fishes were weighed at 4 days intervals for
Before weighing, each fish was carefully dries
28 days.
towel to remove surface water, and was then weighec
with
by placing the fish into Preweighed plastic container
and water,
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Fig. 8 Silver carp ( Mophtralmichthvs molitrix)
used in the fish feeding experiments
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RESULTS
Chemical analysis of sewage effluent
The chemical composition of the sewage effluent
collected from September, 1978 to Earch, 1979 are shown.
from Fig. 9 to Fig. 20.
Monthly sampling showed that the total inorganic
nitrogen (NH4-N and NO3-N) content (Fig. 11) of the sewage
effluent was relatively stable, ranged from 22.0 to 27.0
mg/1 during the sampling period (Fig. 11). However, the
contents of NH4-N and NO3-N (Fig. 9 and Fig. 10) showed
marked fluctuation. The highest concentration of NH4-N
was 18.6 mg/1 while the lowest was 2.9 mg/l and the mean
was 9.38 mg/1 (Fig. 9). The highest concentration of
NO3-N was 19.8 mg/1 while the lowest concentration of N03-N
was 5.4 mg/l (Fig. 10).
The concentration of PO-34-P of the sewage effluent
was much lower compared with that of total inorganic
nitrogen, but was more stable than those of NH4-N and NO3-N
(Fig. 12). The concentrations of PO-34-P ranged from 1.9
to 4.2 mg/1 and the mean was 2.95 mg/l throughout the
sampling period.
pH was the most stable factor of the sewage effluent,
which ranged from 6.2 to 7.2 ( a neutral pH range), and
the mean was 6.6 (Fig. 13).
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Fig . 9 Monthly fluctuation of NH4-N concentration
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Fig. 10 Monthly fluctuation of NO3-N conceretion
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Fig. 11 Monthly fluctuation of the total














Figs 12 Monthly fluctuation of PO3-4-p concentration























Fig. 14 Monthly fluctuation of salinity in










Fib. 15 Monthly fluctuation of BOD5 (Biochemical














Fig. l6a Monthly fluctuation of Na+ concentration
in the sewage effluent
Fig. 16b Monthly fluctuation of K+ concentration

























Fig. 17a Monthly fluctuation of Ca++ concentration
in the sewage effluent
Fig. 17b Monthly fluctuation of Fe+++ concentration























Fig. 18a Monthly fluctuation of Pb++ concentration
in the sewage effluent
Fig. 18b Monthly fluctuation of Zn++ concentration























Fig. 19a Monthly fluctuation of Mn++ concentration
in the sewage effluent
Fig. 19b Monthly fluctuation of Ni++ concentration





















Fig. 20a Monthly fluctuation of Cu++ concentration
in the sewage effluent
Fig* 20b Monthly fluctuation of Cd++ concentration






















The salinity of the sewage effluent varies
from 10 to 16 %o(Fig. 14) which was in accord with that
reported by Kueh (1974).
Biochemical Oxygen Demand (SODS) of the sewage
effluent was comparable to that of the sewage effluent of
other area (Environmental Science and Engineering/Institue
of Evolutionary and Environmental Biology, 1975), and ranged
from 2.0 to 4.5 mg/l (Fig. 15). The mean value of the BOD5
was 3.05 mg/l.
The mineral and heavy metal contents were found to
be the most unstable components of the sewage effluent
especially the amounts of iron (Fig. l7b), manganese (Fig. 19a),
and. nickel (Fig. 19b). Sodium concentration was quite high
(2.14 -- 4.48 g/1) since the sewage effluent was a saline
medium. The concentrations of potassium (Fig. 16b) and
calcium (Fig. 17a) were as high as expected in such sewage
effluent having salinity of 10 to 16 %o, ranging from 100 to
171 mg/1 and 130 to 210 mg/1, respectively. The zinc con-
centration (Fig. 18b) was one of the more stable metal ions
existed in the sewage effluent, ranging from 0.16 to 0.54 mg/1.
The concentration of manganese was relatively low (Fig. 19a)
in the sewage effluent, being 0.6x102 to 3.3x10-2 mg/1. The
concentration of iron, ranging from 0.4x10-2 to 4.06x10-2
mg/l (Fig. 17b), showed-the largest fluctuation among all
minerals and heavy metals found in the sewage effluent.
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Other heavy metals, including cadmium, copper, nickel
and lead were found to present in minute amount in the
sewage effluent and their concentrations were, for cadmium,
0.75x10 2 to 2.25x10 2 mg/1 (Fig. 20b) for copper,
0.09x10 2 to 0.19x10-2 mg/1 (Fig.20a). for nickel, 1.1x10 2
to 17.0x102 mg/1 (Fig. 19b) and for lead, 2.2x102 to
7.4xl0-2 mg/l (Fig. 18a).
Laboratory experiments
Selection of algal species
After initial screening with 18 strains of algae by
the two criteria of high protein content and hi:-,-h growth
rate in the experimantal media, Chlorella salina CU-1(Fig.a) and
Chlorella pyrenoidosa 251(Fig.b) were found to be the most suitable
algae for the purpose of this study (Table 14). Although
other algal strains including Chlorella pyrenoidosa 1230,
Chlorella pyrenoidosa 252. Chlorella pyrenoidosa 343, and
Chlorella pyrenoidosa 395 were also able to grow well in
the sewage effluent or in the Artificial Medium, their
growth rates and protein contents were found to be slightly
inferior to those of Chlorella salina CU-1 and Chlorella
pyrenoidosa 251. Growth of Ohio ella Balina CU-1 in
sewage effluent and in Modified Complete Medium is showed
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Fig. a Cell of Chlorella salina CU-1
Fig. b Cell of Chlorella pyrenoidosa 251
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Table 14. Protein contents measured by Folin method
(Lowry et.al., 1951) and relative _growth
rates of the algal strains screened




































* SE = sewage effluent
AM = Artificial Medium
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in Fig 21, and that of Chlorella pyrenoidosa 251 in the
Artificial Medium and in Modified Complete Medium is showed
in Fig. 22. It is evident that the growth rate of Chlorella
salina CU-1 in sewage effluent and that of Chlorella
pyrenoidosa 251 in the Artificial,Medium were comparable
to those grown in Modified Complete Medium. Furthermore,
the protein contents of Chlorella pyrenoidosa CU-1 (Table
14) and Chlorella pyrenoidosa 251 (Table 14) are high and
suitable for mass production of algal protein.
Evaluation of the growth conditions
1) Inoculum size-
Fig. 23 and Fig. 24 show the growth of Chorella
salina CU-1 and Chlorella pyrenoidos 251 with different
number of cells used as inoculum-. Growth of both
strains with 104 cells/ml as initial inoculum was found
to be much smaller than those of other cultures. Com-
parison of the growth curves between cultures with
105 cells/ml and 106 cells/ml as initial inocula
revealed a marked difference'in growth during the first
12 days of growth, with cultures. having.. 10 5 cells/ml
as initial inoculum grew much fast. The difference was
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Fig. 21 Growth of Chlorella salina CU-1
in sewage effluent (SE) and
















Fig. 22 Growth of Chiorella pyrenoidisa 251
in Artificial Medium (AM) and
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Fig. 23 Effect of inoculum size on the
growth of Chlorella salina CU-1
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Fig. 24 Effect of inoculum size on the
growth of Chlorella pyrenoidosa
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reduced after 14th day of cultivation, and the Iinal
cell concentrations were quite similar to each other
once the stationary phase was reached.
2) ' Preferential combined nitrogen source
Growth of Chlorella salina CU-1 in the medium,
containing 10 mg/l NH4-N was slightly greater than in
the media containing 50 and 100 mg/l NH4-N (Fig.25).
On the other hand, media-containing 50 and 100 mg/1
N03 -N were found to support the best growth of this
cells ,which was comparable to that of the cells grown
in Modified Complete Medium (Fig. 25). Chlorella
pyrenoidosa 251 showed the highest growth rate in medium
containing 50 and 100 mg/l NO3-N. Growth in these media
were all found to be higher than that of the Modified
Complete Medium (Fig. 26). Cultures grown in MCM
containing other concentrations of NH4-N and NO3-N had
much smaller growth than'that of,control.
The most suitable combination of forms and con-
centrations-of nitrogen source for Chlorella salina CU-1
was 10 mg/1 NH +-N plus 40 mg/1 NO3-N (Fig. 27). The
4
growth of this alga in this medium was comparable to
that of the control. Concentration of NH4-N higher than
25 m/1 was found to have an inhibitory effect on growth
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Fig. 25 Effect of inorganic nitrogen sources
and concentrations on the growth of
Chlorella salina CU-1
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Fig,26 Effect of inorganic nitrogen sources
and concentrations on the growth of
Chlorella pyrenoidosa 251
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Fig. 27 Effect of combined inorganic nitrogen
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of Chlorella salina CU-i.
The most suitable combination of form and
concentration of nitrogen source for growth of Chlorella
pyrenoidosa 251 was 50 mg/l N03-N (Fig. 28). Meida
containing other combinations of the two nitrogen
sources supported smaller growth of the cells compared
with the control.
3) Effect of pH on growth
The optimal pH for growth of Chlorella salina CU-1
was found to be 8.0, while pH 7.5 and 8.5 supported
only suboptimal growth of this alga (Fig. 29). This
high pH requirement for the growth of Chlorella salina
CU-1 was important for the mass cultivation of this alga
in sewage effluent. For Chlorella pyrenoidosa 251, pH
7.5 was found to be optimal for growth (Fig. 30) and
pH values at 7.0 and 8.0 supported a suboptimal growth
of this alga.
4) Effect of salinity on growth
The growth of Chlorella Salina CU-1 in MCM
having salinity of 10 % NaCl was found to be better
than those grown in MCM with salinities at 5 %and 15 0%
in which, the alga snowed suboptimal growth (Fig. 31).
Further increase or decrease in salinity otrier than
10 %。 inhibited growth. However, the log phase of the
culture grown in Modified Complete C4edium without added NaCl
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Fig. 28 Effect of combined inorganic nitrogen
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Fig. 29 Effect of pH on the growth of
Chlorella salina CU-1 grown
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Fib 30 Effect of pH on the growth of
Chlorella pyrenoidosa 251 grown
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Fig. 31 Effect of salinity on the grovwtn of






















(0 %) was much shorter than those of cultures grown in
MCM containing added NaCl. Results from these experiments
indicated that Chlorella salina CU-1 is a brackish water
alga which can grow. well in both freshwater and in
saline water. On the other hand, results from the
experiments indicated that Chlorella-pyrenoidosa 251
is a freshwater alga since good growth was obtained in
MCM without added NaCl, and growth was reduced while
NaCl was added into MCM (Fig. 32). Growth was inversely
proportional to increase of salinity, and was completely
inhibited by a salinity of 30 %o .
5) Effect of aeration 'Dn growth
Comparisons between the growth of Chlorella
salina CU-i (Fig. 33) and Chlorella pyrenoidosa.251
(Fig. 34) in media aerated with air, aerated with 1 %
and 5 % C02-air mixture and without aeration at all
indicated that aeration with air supported the-best
growth of both algal strains. The pH changes of the
cultures are shown in Fig. 33 and Fig. 34. In Chlorella
salina CU-1, the pH values of the cultures dropped when
1 % and 5 % 002-air mixture were supplied. The pH of
the cultures changed to alkaline (8.5) while air was
bubbled into the cultures. On the other hand, only
slight change in pH was observed with cultures without
132
Fig. 32 Effect of salinity on the growth of






















Fig. 33 Effect of aeration on pH and the growth
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Fig. 34 Effect of aeration on pH and the growth
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aeration at all. For Chlorella pyrenoidosa 251, the
pH values of the cultures dropped while air, 1 % and 5 % C02-
air mixture were supplied or not. The pH of the cultures
changed to 6.5 - 7.0 while air, 1 % and 5 % C02-air
mixture were bubbled into.the cultures.
Fffet of temperature on growth6)
Results showed in Fig. 35 revealed that Chlorella
salina CU-1 grew much better at 25°C than at other tested
temperatures. However, Chlorella pyrenoidosa 251 had a
higher growth rate at 30° C (Fig. 36). In general, lag
phase of the culture was prolonged while suboptimal
temperatures were employed. For Qnlorella salina CU-l,
complete inhibition of growth occurred at a temperature
of 40°C. The growth of this alga was markedly inhibited
by temperatures higher than 30°C (Fig. 35). Chlorella
pyrenoidosa 251, on the other hand, could tolerated a
higher temperature of 40°C (Fig. 36).
7) Effect of light intensity on growth
Chlorella salina CU-1 grew well at light intensity
of 800 foot-candle and growth decreased as the light
intensity decreased. Growth of this alga under 500,
400, 300 and 200 foot-candle showed no significant
difference. However, culture grew under 100 foot-candle
illumination showed a rapidly declined phase after 6
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Fig. 35 Effect of temperature on the growth of




















Fig. 36 Effect of temperature on the growth of



















days of limited growth (Fig. 37). Light intensity of
500 foot-candle was found to be optimal for growth of
Chlorella 2yrenoidosa 251 (Fig. 38). Light intensity
of 400 foot-candle supported only suboptimal growth of
this alga. The culture illuminated witri 800 foot-
candle showed a shorter lag phase and a faster growth
rate in log phase than those under 500 and 400 foot-
candle illumination. The maximum cell density achieved
by this culture was lower than those 400 and 500 foot-
candle however (Fig. 38). Growth of this alga was
greatly inhibited by decrease of light intensity below
400 foot-candle.
Comparison between the growth rates of the algae grown
in Modified Complete Medium, sewage effluent and
Artificial Medium at optimal growth conditions
Growth of air-aerated cultures of Chlorella salina
CU-1 in sewage effluent, and Chlorella pyrencidosa 251
in Artificial Medium are showed in Fig. 39 and Fig. 40,
respectively. The growth conditions for tiiese two strains
were set up according to results o'ntainea from previous
experiments on pH, aeration, temperature and light intensity
requirements. The results suggested that under optimal
conaition of growth, the urowth of Chlorella salina CU-1
in sewage effluent and Chiorella pyfrenoidosa 251 in
144
Fig* 37 Effect of lignt intensity on Lrle
growth of Chlorella salina CU-1
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Fig. 38 Effect of light intensity on the
growth of Chlorella pyrenoiaosa 251
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Fi 39 Comparison of growth of unioreiia saiina
CU-1 grown in the sewage effluent (SE) and
Modified Complete Medium (MCM) at optimal
pH (8.0), temperature (25 C), and light














Fig. 40 Comparison of growth of Chlorella pyrenoidosa
251 grown in the Artificial Medium (AM) and
Modified Complete Medium (MCM) at optimal
pH (7.0), temperature (30 C), and light
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Artificial Medium were comparable to those of the
controls in laboratory cultivation.
Determination of photosynthetic rates of the selected
algal species
1) Factors influencing photosynthetic rates of the
selected algal species
Effect of pH on photo synthesis
The results in Fig. 41 and Fig. 42 show
tnat neutral pH (i.e. 7.0) was most favorable
for photosyntne6is of both Chlorella salina CU-1
and Chlorella pyrenoidosa 251. The photosynthetic
rates in Fig. 41 and Fig. 42 were corrected from
the respiratory rate of the cultures. The photo-
synthetic rate was expressed as ul 02/106 cells/min.
Tne maximal photosynthetic rate was 1.58 Al 02/106
cells/min for Chlorella salina CU-1 and 1.40 ul 0.2/
106 cells/min for Chlorella pyrenoidosa 251 (Fig.
41 and Fig. 42).
Effect of temperature on photosynthesis
Temperature at 250C was found to be the
most suitable temperature for the photosynthesis
of Chlorella salina CU-l and Chlorlla pyrenoidosa
251 (Fig.43 and Fig. 44). The maximal photosynthetic
rate at 25°C was 1.41 Al 0.2/106 cells/znin (Fig.
43) and 1.03 ul 02/106 cells/min (Fig. 44) for
Chlorella salina CU-i and Chlorella pyrenoidosa
153
Fig. 41 Effect of pH on photosynthesis of
Chlorella salina CU-i ,grown in
Modified. Complete Medium
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Fig. 42 Effect of pH on photosynthesis of
Chlorella pyrenoidosa 251 Crown
in Modified Complete Medium
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Fig. 43 Effect of temperature on photosynthesis
of Chlorella salina CU-1 grown in
Modified Complete Medium
158












Fig.-44 Effect of temperature on photosynthesis
of Chlorella pyrenoidosa 251 grown in
Modified Complete Medium
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251, respectively. The photosynthetic rates
at 30 and 35°C were remarkly similar with Chlorella
pyrenoidosa 251 (Fig. 44), while 40°C showed a marked
inhibitory effect on the photosynthesis of this alga
(Fig. 44). Chiorella sauna CU--1, on the other hand,
showed sensitive response to temperatures higher
than 25°C for photosynthesis (Fig. 43), The photo-
synthetic rate of this alga decreased as the temp-
erature increased. The minimal photosynthetic rate
of Chiorella salina CU-1 was 0.7 ul 02/106 cells/mir
(Fig. 43) , while that of Chiorella pyrerioidosa 251
was 0.5 µ1 02/106 cells/rain (Fig. 44).
2) Comparison of the photosynthetic rates of the selected
algal species grown in the Modified Complete Medium
and experimental media (sewage effluent and Artificial
Medium) under optimal pH and temperature
Photosynthetic rate of Chiorella salina CU-i
in sewage effluent at pH 7.0 was 1.35 ul 02/10 6 cells/
min while that of the culture brown in the Modified
Complete Medium was 1.50 u1 02/106 cells/min (Fig-
45), For Chiorella pyrenoidosa 251, the photosynthetic
rate in the Artificial Medium at pH 7.0 and 25°C
was 1.45 al 02/106 cells/min, while that of the
culture grown. in the Modified Complete Medium was
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Fig. 45 Comparison of photosynthesis of Cnlorella
sauna CU-1 grown in sewage effluent (SE)
and Modified Complete Medium (MCM) at optimal
pH (7.0) and temperature (25°C)
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1.42 u1 O2/106 cells/min (Fig. 46). The photo-
synthetic rates of these two algal species grown
in the experimental media were comparable to that
of the control medium.
Nitrogen and phosphorus removal by laboratory cultures
Experimental results indicated that the
removal efficiencies of inroganic nitrogen and
phosphate by the culture of Chlorella sauna CU-l
grown in the sewage effluent were: 100 % for NH4-N
and P034--P , and 23 % for NO-3-N (Fig. 47). The
retention time was 7 days and the yield was 5.2 gm/
m2/day (Table 15). The depth of the culture was
7.5 cm and the total surface area of the culture was
only 0.02 m2. The pH value of the culture rised to
8.9 at the end of the growth of the culture (Fig. 47).
For Chlorella yrenoidosa 251 grown in the
Artificial Medium, the removal efficiencies of
NH4-N, NO3-N and PO-34-P by the culture were 34 90,
55 %, and 64 %, respectively (Fig. 48). Retention
time for this batch culture was 14 days and the yield
was 5.5 gm/m2/day (Table 15). The depth of the
culture was 7.5 cm and the total surface area of
the culture was only 0.02 m2, The pH value of the
culture dropped to 7.5 at the end of the growth of
165
Fib. 46 Comparison of photosynthesis of Chlorella
pyrenoidosa 251 grown in the Artificial
Medium (AM) and Modified Complete Medium
(MCM) at pH (7.0)_and_ temperature (25 C)
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Fig. 47 Growth of Clilorella salina CU-1,pH
change, and removal of NH4+-N NO3--N
and PO3-4-P in the sewage effluent SE
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Fig 48 Growth of Chlorella pyrenoidosa 251,
pH change and removal NHS+4-N, NO3--N
and P03-4-P in the Artificial Medium (AM)





















Comparison of yield, retention time, pH change duringTable 15
cultivation, and removal efficiencies of inorganic
nitrogen and phosphate by cells of Chlorella salina CU-1
grown in the sewage effluent and Chlorella pyrenoidosa
251 grown in the Artificial Medium




5.2 23 1008.9 1006.77Laboratory culture
Outdoor small unit





Laboratory culture 6414 8.35.5 7.5 34 55
Ourdoor small unit
cultivation 12 8.1 265.6 7.6 7752
Outdoor pilot scale
experiment 14 8.25.5 267.6 54 54
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the cultivation (Fig. 48).
Outdoor experiments
1) Climatic condition of Hong Kong
(From January, 1978 to December, 1978)
Fluctuation of various climatic factors during
1978 were showed from Fig. 49 to Fig. 54. The length
of sunshine was found to be shortest from February
to May in 1978 (Fig. 52). The average sunshine per
month was 146.26 hours and there was 280 sunny days
in 1978 in Hong Kong. A total of 2600 mrm rainfall
was recorded in 1978 (Fig. 54) and the monthly average
rainfall was about 200 mm. The mean temperature was
22.9°C with a maximum of 34.2°C in June and a minimum
of 6.9°C in January (Fig. 49). Relative humidity (Fig.
50)and cloudiness (Fig. 51) were two relatively stable
climatic factors in 1978, with.little-variation through-
out the year. Evaporation (Fig. 53) varied according
to the variation of cloudiness (Fig. 51) , temperature
(Fig. 49) , and sunshine (Fig. 52).
2 )Preparation of inoculum for outdoor cultivation
Cultures of Chlorella salina CU-1 used as inoculum
were prepared by growing the cells in flasks containing
2 litres of Modified Complete Medium with aeration (Fig.
were grown at temperature of 25 ± 3°C,
55). The cultures
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Fig. 51 Monthly fluctuation of average
















































Fig. 55 Stcok cultures of Chlorella salina CIS-1
used as irioculum for outdoor experiment
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light intensity at 400 foot-candle with 16/8 light
dark cycle for 7 days.
Exponentially growing cultures were then used
as _:noculum for outdoor cultivating experiments.
Cultures of Chlorella pyrenoidosa 251 were pre-
pared by growing the cells in the vertical columns
(Davis et al., 1953) containing 2 litres Artificial
Medium (Fig. 56). The cultures were grown at temper-
ature of 25±3°C, light intensity at 400 foot-candle
with lb/8 light dark cycle for 7 days. Exponentially
growing cultures were used as inoculum for outdoor
cultivating experiments.
3) Experiment with outdoor small unit
The set up for the experiments was shown in
Fig. 1. After 7 days cultivation of Chlorella sauna
CU-1 in the sewage effluent, maximal growth occurred
and removal efficiencies of NH+4-N and PO-34-P were
found to be 95 % and 100 % , repectively, while that
of NO-3-N was only 20 % (Fig. 57) which was in accord
with the results of the laboratory cultivating exper-
iment. The pH of thk: culture changed from 6.5 to 8.4
and the temperature of the medium during the cultivation
period fluctuated between 17 to 22°C (Fig. 57) as
experiment was carried out from 15 November, 1978
187
Fig. 56 Stock cultures of Chlorella pyrenoidosa 251
used as 'inoculum for outdoor experiment
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Fig. 57 Growth of Chlorella salina CU-l, pH
and temperature changes, and removal
of NH+4-N,No-3N and Po3-4-P in the




























to 21 November, 1978. The yield of the culture
was 5.1 gm/m2/day (Table 15). Since no rainfall was
recorded during the cultivation period, dilution
effect did. not occur. However, the evaporation was
high (15 mm/day). The method used to keep the culture
at constant volume in order to prevent the inhibitory
effect of high temperature of medium under full sun-
shine was to replenish the evaporated volume to original
daily by distilled water.
For Chlorella pyrenoidosa 251 grown in Art-
ificial Medium, a longer retention time of 12 days
was necessary (Fig. 58). The yield, 5.6 gm/m2/day,
of the culture was comparable to that of Chlorella
salina CU-1 grown in sewage effluent. Change of pH
was found to be minimum (from 8.1 to 7-6)9 while
the temperature of the medium fluctuated within a
relative wide range of 21 to 28°C (Fig. 58). Removal
efficiencies of NH4+-N (26 %), PO4-3-P (77 %) and
NO-3-N (42 %) were much lower than those showed by cells
of Chlorella sauna CU-1 from sewage effluent since
the original concentrations of the inorganic nitrogen
and phosphates in Artificial Medium were quite high.
Finally, during the cultivation period p no contamin-
ation by protozoa, algae and fungi was observed in
191
Fig. 58 Growth of Chlorella p-renoidosa 251,
£H and temperature changes, and removal
of NH -N NO-N and PO3 -P in the























4) Experiment with outdoor pilot scale cultivating tank
The set up of the experiments are shown
from Fig. 2 to Fig. 7. A shorter retention time of
6 days was recorded in the pilot scale experiment
of sewage grown Chiorella salina CU-1 (fig. 59).
A yield of 5.0 gm/m2/day (Table 15) was obtained in
the outdoor culture. The removal efficiencies of
NH -N (93 %) and PO-3-P (99 %) by the algal cells
4 4
(Fig. 59) were similar to those in the outdoor small
unit cultivating experiment (Fig. 57). Removal efficien-
cy of NO -N (14 %) was slightly lower (Fig. 59) than
3
that in outdoor small unit cultivating experiment
(Fig. 57). The pH of the culture at stationary phase
rose to 8.3, a more alkaline pH level (Fig. 59). The
temperatures of the culturing medium were recorded
to range from 17 to 20°C (Fig. 59)
A much longer retention time of 14 days
was necessary for Chiorella pyrenoiaosa 251 grew in
outdoor pilot plant (Fig. 60). The yield of the cul-
ture was 5.5 gm/m2/day (Table 15). The pH changes,
temperature fluctuation during cultivation and removal
efficiency of NH+-N (Fig. 60) was found similar to
4
that of outdoor small unit cultivating experiment
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Fig. 59 Growth of Cnlorella salina CU-1, pH
and temperature changes, and removal
of NH+4-N NO-3-N and P034--p in the























Fig. 60 Growth of Chlorella pyrenoidosa 251,
pH and temperature changes, and removal
of NH+-N NO -N and PO3--P in the
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(Fig. 60). Micro-organism contamination was not
detected during the cultivation period of Chlorella
salina CU-1 and Chlorella pyrenoidosa 251 in the out-
door pilot plant experiment. However, a population
of pennate form diatoms built up when the cultures
were left in the stationary phase more than 72 hours
in the sewage effluent. However, this population of
of diatoms generally attached firmly onto the side-
walls of the outdoor cultivation tank and did not
affect the process of harvesting the algal cells.
Processing of the algal hi omass
1) Harvestingof the algal cells
Gravity separation
In outdoor experiments, cells of Chlorella
salina CU-1 grew in sewage effluent were found com-
pletely sedimentlonto -the bottom of the cultivation
tank once the circulation action provided by the
pumping system of the tank was discontinued for 24
hours. After the saline medium was drained out, the
sedimented algal biomass was wabhed by tap water
Sett
and edimented again. The tap water washed algal
cells were collected from the outlet of the tank for
centrifugation. For Chlorella pyrenoidosa 251 grown
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in Artificial Medium, only partial sedimentation of
the cells onto the bottom of the algal tank was
observed. No washing for the algal cells was re-
quired since the medium was freshwater in nature.
The algal cells were collected for centrifugation.
The water content of the algal cells of the two
strains thus collected was found to 50 to 60 %.
Centrifugation
Alagl cells of Chlorella salina CU-1 and
Chlorella pyrenoidosa 251 were centrifuged by
Sorvall RC2-BAutomatic Superspeed Refrigated Cent-
rifugae operated at 3,000 g for 10 minutes. Algal
slurry containing 15 to 20 % water was obtained and col-
lected for drying.
2) Drying of the algal slurry
Oven drying at 10000
Algal slurry of Chlorella sauna CU-1 and
Chlorella pyrenoidosa 251 containing 15 to 20 % water
was dried in an oven maintained at 110°C for 3
hours. The moisture content of the dried algal bio-
mass of Chlorella salina CU-1 thus obtained was 5
while the crude protein content was 45 9% (Table 16).
The moisture content of the dried algae biomass of
Chlorella pyrenoidosa 251 was 5 % while the crude
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Contents of moisture and crude protein of the algal biomassTable 16.
after drying
crude protein(%)*moisture (%)*Drying methodAlgal species
Chlorella






48oven dry (110°C)251 5
8vacuum oven dry (40°C) 50
4810air dry (25 - 3°C)
% dry weight
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protein content was 48 % (Table 16).
Vacuum oven drying at 40°C
The minimum time required to dry the algal
cells by this method was 10 hours. The moisture
content of the dried algal biomas of Chlorella salina
CU-1 was 8 % while the' crude protein content was
48 % (Table 16). The moisture content of the dried
algal biomass of Chlorella pyrenoidosa 251 was 8
while the crude protein content.was 50 % (Table 16).
Air drying at 25 ± 3°C
A drying period of 72 to 96 hours was re-
quired to dry the algae by this method, which de-
. pends on the natural environmental factors of the
drying period (e.g. relative humidity, temperature,
evaporation and sunshine). The moisture content of
the dried algal biomass of Chlorella salina CU-1
was 10 % and the crude protein content was 46 9% (Table
16). The moisture content of the dried algal bio-
mass of Chlorella pyrenoidosa 251 was 10 % while the
crude protein content was 48 % (Table 16).
3) Storage of the dired algal biomass
The dried algal bioamss obtained by the above three
methods appeared in the form of small flakes were
then blended into much.-smaller particles with
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diameter equal to or smaller than 50 u by use of a Waring
blender. The blended algal biomass was placed in
crew-cap glass vials and stored in vaselino sealed
desiccators. The moisture content of the algal
biomass would be kept to be less than 10 % even after
several months' storage.
Jhemical analysis of harvested algal biomass
Crude protein content of Chlorella salina CU-1
grown in sewage effluent was 45 % on dry weight basis
(Table 17). The crude fat content of this alga was
18.93 % (Table 17). The total nucleic acids of this alga
was quite low9 being 2 %o on dry basis (Table 17). Crude
protein content of Chlorella pyrenoidosa 251 grown in
the Artificial Medium was 48 % and its ash content (Table
17) was comparatively higher than that of Chlorella salina
CU-1 grown in sewage effluent (Table 17). The nucleic
acid content was also low (Table 17).
Vitamin A and C contents of sewage effluent
grown Chlorella salina CU-1 were fairly high, vitamin
A being 58 mg/ 100 gm, and vitamin C being 62 mg/ 100
gm (Table 18). However, the total aulount of niacin,
thiamine and riboflavin was only 11.7 ing/ 100 gm
(Table 18). The vitamin A and C contents were also high
in Chlorella pyrenoidosa 251 grown in the Artificial
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Chemical composition of cells of Chlorella salinaTable 17
CU-1 grown in the sewage effluent (SE) and Chlorella
pyrenoidosa 251 grown in the Artificial.Medium (AM)









2.08(RNA + DNA) 2.09
RNA 1.301.37
DNA 0.72 0.78
8.63Chlorophyll a 9. 32
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Vitamin contents of cells of Chlorella salinaTable 18
CU-1 grown in the sewage effluent (SE) and Chlorella
pyrenoidosa 251 grown in the Artificial Medium (AM)








Medium, vitamin A being 82 mg/ 100 gm arid vitamin
C being 64 mg/ 100 gm (Table 18). The amount of vitamin
A of this alga was much higher than that of Chlorella
salina CU-1 brown in sewage effluent (Table 18). The
total amount of vitamin B complex (niacin, thiamine and
riboflavin) was 12.6 mg/ 100 gm (Table 18) which was
similar to that of Chlorella salina CU-1 (Table 18).
Analysis of the amino acids of Chlorella
salina CU-1 grown in sewage effluent indicated a rather
complete amino acid profile (Table 19). However, the
contents of the sulfur-containing amino acids ( e.g.
rethionine and cystine) were low as compared with other
amino acids (Table 19). All essential amino acids were
found present in the protein of Chlorella salina CU-1
grown in sewage effluent (Table 19). The total amount
of the 18 amino acias was 61.8 (Table 19)and the chem-
ical score was lower, about 23 compared to the chemical
score of hen egg which was designed as 100. For
Artificial Medium grown Chiorella Pyrenoidosa 251, the
amino acid content was similar to that of Chlorella
salina CU-1, which contained a complete set of amino
acids in the protein (Table 19). All essential amino
acids were found present in the protein, but the amounts
of methionine and cystine were also low (Table 19) com-
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Amino acid profile of cells of Chlorella salinaTable 19
CU-1 grown in the sewage effluent (SE) and Chlorella
pyrenoidosa 251 grown in the Artificial Medium (AM)
(gm/ 16 gm N)
Ala Arg*Asp Cys*Glu Gly His*Ile Leu Lys*Met*Phe*Pro Ser Thr*Try*Tyr Val*Total C.S.**
Chlorella
4.9 8.9 5.1 0.9 4.3 3.2 2.0 1.1 4.2 6.2 0.7 1.2 1.0 4.7 3.4 1.9 1.7 6.4 61.8 23salina
CU-1
Chlorella





pared with other amino acids(Table lg). However, con-
tents of methionine and cystine of this alga were much
higher than those of Chlorella salina CU-1 grown in
sewage effluent even though the total amount of 18
amino acid was slightly lower (Table 19). The chemical
score of Chlorella pyrenoidosa 251 (Table 19) was much
higher (42) than that of Chlorella salina CU-1 (23)
due to the higher content of metnionine.
The content of zinc was relatively high (22.8,
mg/g) in cells of Chlorella salina CU-1 grown in sewage
effluent (Table 20). Contents of calcim, iron and
magnesium were approximately 6.0 mg/g while those of
potassiurd and sodium were 3.24 and 1.72 mg/g, respectively
(Table 20). The content of manganese was found to be 0.75
mg/g in the algal cells (Table 20).
Contents of the heavy metals including cadmium
and lead were much lower compared with the other ions.
The contents of cadmium and lead were 6.62 and 3.7
fag/g, respectively (Table 20). However, the contents
of copper (466.66 u/g) and nickel (107.53 ,ug/g) were
couch higher (Table 20).
Cells of Chlorella pyrenoidosa 251 grown in
the Artificial Medium contained relatively high con-
tents of calcium, iron, magnesium, potassium, sodium
208
Mineral and heavy metal contents of cells of ChlorellaTable 20
salina CU-1 grown in the sewage effluent (SE) and
Chlorella pyrenoidosa 251 grown in the Artificial Medium (AM)














and manganese. However, the content of zinc (2.33
mg/g) was much lower (Table 20) while the contents of
sodium (15.5 mg/g) and potassium (8.64 mg/g) were higher
(Table 20) than those of cells of Chlorella salina CU-1
grown in sewage effluent (Table 20). Similar contents
of calcium, iron and magnesium were found in both
Cnlorella salina CU-1 (Table 20) and Chlorella pyrenoidosa
251 (Table 20). On the other hand, the content of manganese
(1,54 mg/g) of Chlorella pyrenoidosa 251 was twice as
much as that of sewage effluent grown Chlorella salina
CU-1 (Table 20). The level.- of cadmium of Chlorella
pyrenoidosa 251 was similar to that of Chlorella salina
CU-1. However, the contents of nickel and copper (Table
20) were much lower than those of Chlorella salina CU-1
(Table 20). It was found that, lead was absent or existed
at non-detectable level in Chlorella pyrenoidosa 251
grown in the Artificial Medium.
Experiments on using the dried algal biomass as
supplementary fish feed
Results in Fig. 61 showed that fish meal
supplement with 10 % dried cells (A10) of Chlorella
salina CU-1 supported much better growth rate of the
fish than the artificial fish meal (AF), fish meal
supplemented with 5 % (A.) and 20 % (A20) algae, and
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Fig. 61 Growth of silver carp (Hypopnnalmicnznys
molitrix) fed on artificial fish meal (AF),
on 5 % (A5) , 10%, (A10) and 20 is (A20)
algae (Chlorella saliva CU-1)--supplemented

















the live algae (A) alone (Fig. 61). The food conversion
ratios (FCR) of these 5 fish diets were: 0.69 for A10,
0.40 for A5 , 0.37 for AF, 0.33 for A and 0.31 for A20.
Results in Fig. 62 showed that fish fed
with artificial fish meal supplemented with 10 % dried
cells (A20) of Chlorella pyrenoidosa 251 had highergrowth
rate than those fed on fish meal supplemented with 5 o
(A5) and 20 % (A20) dried algal cells. The food con-
version ratios of these 5 fish diets were: 0.63 for A10,
0.39 for AF, 0.35 for A5 , 0.30 for A20, and 0.27 for A.
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Fig 62 Growth of silver carp (Hypophthlalmichthys
molitrix) fed on artifical fish meal (AF),
on 5 % (A5), 10 % (A10),and 20 % (A20) algae
(Chlorella pyrenoidosa 251) supplemented

















Chemical properties of the sewage effluent collected
from the sewage treatment plant of The Chinese University
of Hong Kong
The level of NH+4-N in the sewage effluent
ranges from 2.9 to 18.6 mg/1 (Fig, 9), which fluctuates
according to the concentrations of organic nitrogen (mainly
urea) and inorganic nitrogen in the raw sewage input to
the plant and the activity of micro-organism in the act-
ivated sludge process (second treatment of sewage). In
general, the amount of organic and inorganic nitrogen of
the influent is relatively constant, so that the fluctuation
of NH+4-N is due to the variation of the microbial activity
during g sewage treatment (McCarty Haug, 1971). Urea in
the settled sewage can be oxidized by the associated micro-
organism, mainly aerobic bacteria, to produce carbon dioxide
and ammonia (Jenkins, 1963).
The reaction between ammonia and water proauces certian








NH4-N can further be oxidized to produce NO-2-N in the
presence of nitrifying bacteria such as Nitrosomonas spp.
(Table 21) commonly found in sewage (Kluyver & Donker,
1926 Loveless & Painter, 1968 Strom et al., 1976).
Experimental results show that the optimal comoinea nitro-
gen sources for growth of Chlorella salina CU-1 is 10 mg/1
NH+4--N and 40 mg/1 N0-3-N, so that tiie sewage effluent containing
up to 10 mg/l NH+4-N, according to above data, is a suitable
medium for cultivating Chlorella salina CU-l.
The concentration of NO-3-N of the sewage effluent ranges
from 6.0 to 20.0 mg/l. The concentration of NO-3-N in the
sewage effluent also depends on the activity of associated
micro-organism. The NO-2-N produced by oxidation of ammonia,
is further oxidized to N0-3-N in the presence of Nitrobacter
spp. which are another group of bacteria (Table 21) com-
monly found in the sewage effluent (Isaac & James, 1965
Strom et al., 1976).
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Isaac & James (1965)Nitrobacter
Strom et al. (1976)
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assimilation and dissimilation of NO3-N reduction and for
denitrification by bacterial activity as following:
The range of NO 3-N in the sewage effluent is found to be
6.0 to 20.0 mg/l which is sub-optimal concentration for
the growth of Chlorella salina CU-l. Although both NH4-N
and NO3-N are available in the sewage effluent, the total
amount of inorganic nitrogen in the sewage effluent is
relatively stable. The stability of total amount of in-
organic nitrogen in the sewage effluent can be explained
on grounds that since the amount of the total inorganic
nitrogen in the sewage effluent is depended on the amount
of organic and inorganic nitrogen in the inputting influent,
and on the activities of microbes in sewage, the former is
relatively constant while the latter only influence the
ratio of NH4-N and N03-N in the sewage effluent under
normal conditions. However, the total nitorgen concentration
in the sewage effluent (22.0 to 27.0 mg/1) is lower than
that found in other operation (Downing et al., 1964a, 1964b).
These authors reported the total nitrogen concentration
in the sewage effluent used was 50 to 60 m/1.
NO3 NO2 NO NOH NH2OH NH4
H2N2O2 N2O
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The amount of PO-34-P is quite stable in the sewage
offluent which is in accord with the observations made by
curry & Wilson (1945). In general, PO-34-P derived from
the degradation of phosphorus containing organic compounds
such as detergents, nucleic acids and phospholipids, and
decomposition of inorganic phosphate such as phosphoric
acid by microbial activities iii the sewage.
The PO-34-P concentration (Table 22) of the sewage
effluent is much lower than those reported by Oswald
(1960), Bush et al. (1961) and Environmental Science
and Engineering/ Institue of Evolutionary and Environmental
Biology (1975).
Comparison between the concentration of total
nitrogen and that of PO-34-P results in a P/N ratio of
about 1:8 where the average total nirogen concentration
is 25 mg/l and the average PO-34-P is 3.0 mg/l. Although
the concentration of PO-34-P in the sewage effluent is much
lower than that of total nitrogen, the sewage effluent still
provides a favorable condition for the growth of Chlorella
salina CU-1, since it has been shown tnat only the con-
centration of nitrogen was found to be a limiting factor
for growth of algae (Gloueke et al., 1967 Ryther Dunstan,
1971; Steel, 1971 Foree & Scroggin, 1973). Therefore,
it is not surprising that cells of Chlorella salina CU-1
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Comparison of the chemical properties of various sewageTable 22.
effluents and sewage. with the sewage effluent used-in the
present study (CUHK)
Sewage (Oswald, 1960)Sewage effluentSewage effluentSewage effluentChemical

















a = Environmental Science &I Engineering/Institue of Evolutionary & Environmental Biology
= Data not available
221
can grow well in the sewage effluent. In cact, tine ratio
of P/N of the sewage effluent is higher than that reported
by Steel (1971) who found a 1:10 P/N ratio in the sewage
effluent used. The discrepence of P/N ratio between the
sewage effluent used in the present study and that used by
Steel (1971) is due to the presence of lower total N con-
centration of the sewage effluent used by steel (1971).
The pH value of the sewage effluent.is the most
stable factor among others. The pH value of the sewage
effluent ranges from 6.3 to 7.0 and the average figure is
6.6. From the literature, it is known that the suitable
pH range for growth of most algae is 6.0 to 7.0 (Nichols,
1973) which is the pH value found in the sewage effluent.
The pH in the sewage effluent is within the growth range
of the selected algal strains. The stability of pH in the
sewage effluent is maintained by microbial activities in
producing certain amounts of NH4-N and NO3-N (Trelease
Trelease, 1933). Base on the mechanism proposed by
Trelease Trelease (1933), the presence of Nitrosomonas
sPP, and Nitrobacter spp. reduces the amount of NH4-N
and increases those of NO2-N and NO3-N in sewage effluent,
and the pH value is thus maintained at acidic range. Under
such acidic pH, the activities of Nitrosomonas spp. and
Nitrobacter spp. are suppressed and-there is accumulation
of NH4-N (Trelease Trelease, 1933) which cause a rise
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of pH to near neutral values. The pH value is higer in
those sewage used by Oswald (1960), and sewage effluent
used by Bush et al. (1961) and Environmental Science and
Engineering/ Institue of Evolutionary and Environmental
Biology (1975) than that of the sewage effluent used in
the present study. In addition, the pH of the sewage
effluent is affected by the addition of carbon dioxide.
The supplied carbon dioxide dissolves in the sewage effluent
and produces anions which can lower the pH value of the
sewage effluent since a buffer system does not exist
(Bush et al., 1961). Results obtained from the present
study show that the pH value of the sewage effluent drops
to 5.3 and 5.6 after aerated with 1 % and 5 % carbon dioxide
for 10 days. The acidic pH inhibits the growth of algae
in the sewage effluent. Therefore, aeration with 1 % or
5 % carbon dioxide is not a practical method to increase
the carbon source for the algae grown in the sewage effluent
and the artificial media-without-buffer system.
The salinity of the sewage effluent ranges from
10 to 16 %o which is in accord with the reported data
(Kueh, 1974). The fluctuation of salinity of the sewage
effluent may be due to 1) the dilution effect exerted by
rainfall or concentrated by heavy evaporation, and-2)
variations of ratio of freshwater and seawater in the
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influent. It is found that the freshwater of the influent
input to the sewage treatment plant is reduced during school
holidays since .use of freshwater is small on campus while
the seawater content of influent remains relatively constant.
The salinity range of 10 % to 16 %,, in the sewage effluent,
which is roughly identical to half of that of seawater, is
due to the fact that the seawater treatment plant receives
approximately 50 % of seawater and 50 % freshwater daily
from various inputs. The salinity of sewage effluent (10.
to 16 %. ) does not support good growth of either marine
or freshwater algal species. However, a brackish water
species such as Chlorella salina CU-1 would grow well
in the sewage effluent.
BOD (Biochemical Oxygen Demand) is used to
express the organic loading of the sewage effluent. Act-
ivated sludge process, in general, can degrade almost all
the organic compounds in settled sewage. The amount of
organic matter remained in sewage effluent is low compared
with those of other wastes such as animal slurry (Garrett
et al., 1978) and raw sewage (Oswald, 1960 Shelf et al.,
1972 Miller et al., 1977). The BOD5 of the present sew-
age effluent is quite low ( 3.0 to 4.0 mg/1).. In general,
algae cannot grow well in medium with higher BOD since the
presence of high levels of organic matters leads to the
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rapid growth of other heterotrophic microbes which migal
inhibit the growth of algae or compete with algal cells
for substrates.
It was found that mineral and heavy metal contents
do not show any significant trend of monthly fluctuation.
The compositions of minerals or heavy metals change accord-
ing to the compositions of the influent. Sodium, potassium
and calcium are usually found present in larger amounts
in the sewage effluent. The monthly fluctuations of these
minerals are quite limited among the minerals found in the
sewage effluent. On the other hand, manganese, iron and
zinc are found present in small amounts (less than 1 mg/1)
in the sewage effluent. No particular trend of monthly
fluctuations on the amounts of these minerals and heavy
metals is observed. The levels of other heavy metals in-
ciuding cadmium, copper, nickel and lead in the sewage
effluent are low compared with those reported by
Environmental Science and Engineering/ Institue of Evolutionary
and Environmental Biology (1975).
Cadmium has been known to be one of the most toxic
heavy metals among those reported in the sewage effluent
(Environmental Science and Engineering/ Institue of Evolutionary
and Environmental Biology, 1975). Fortunately, the con-
centration of this heavy metal in the sewage effluent used
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in the present study is only 1.8 mg/l (Fig. 2Ue) wnicn
does not inhibit growth of Chlorella salina CU-1.
Copper is generally considered as an algicide
(Morel et al., 1978) at a critical concentration. The
concentration of copper in the sewage effluent, which
ranges from 1 to 20 ug/l (Fig. 20a) has been reported
to be too low to cause any significant inhibition on
algal growth (Morel et al., 1978).
The nickel concentration (less than 1 mg/1)
in the sewage effluent is found to be much higher than
those of cadmium and copper. Although there has been
reports that copper has harmful effect on the growth of
algae by high concentrations of nickel (Environmental
Science and Engineering/ Institue of Evolutionary and
Environmental Biology, 1975), the nickel concentration
in the sewage effluent is still lower than the toxic
level reported by Environmental Science and Engineering/
Institue of Evolutionary and Environmental Biology (1975).
However, the large amount of nickel accumulated along the
food chain in higher trophic levels through the consumption
of algal cells must be considered carefully if the algal
biomass is used for feed or food (Environmental Science
and Engineering/ Institue of Evolutionary and Environmental
Biology, 1975).
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The lead content of the sewage effluent is highest
among the heavy metals recorded. Information shown in Table
20 indicates that the uptake efficiency of lead by Chlorella
salina CU-1 grown in sewage effluent is very low, only
5 to 10 %. Therefore, the higher level of lead found
present in the sewage effluent would not inhibit the growth
of Chlorella sauna CU-1.
Conclusively, the mineral and heavy metal con-
tents of the sewage effluent are comparatively lower than
those reported elsewhere (Environmental Science and
Engineering/ Institue of Evolutionary and Environmental
Biology, 1975). In such a sewage effluent medium, the
concentration of minerals and heavy metals are expected
not to cause inhibition on growth of Chlorella salina CU-1.
Furthermore, the availability of certain essential minerals
in this medium provides suitable nutrients for growth and
increase the yields of the algal cultures. In addition
to the levels of minerals, the interactions between the
minerals often determines the yield of the algal culture
(Payer, 1971). Since the problems of mineral interactions
on algal growth is not within the scope of the present study,
mineral dependence and their interactions on algal growth
is not investigated.
The chemical properties of the sewage effluent
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used in the present study has been monitored for a total
of 7 months (from September, 1978 to March, 1979). Results
indicate that the total nitrogen content in the sewage
effluent is similar to that reported by Bush et al. (1961),
higher than that reported by Environmental Science and
Engineering/ Institue of Evolutionary and Environmental
Biology (1975) , and lower than that reported by Oswald
in 1960 (Table 22). The difference of ratio of NH 4 -N and
NO 3-N between the sewage effluents, and sewage used in the
present and previous studies (Oswald, 1960 Bush et al.,
1961 Environmental Science and Engineering/ Institue of
Evolutionary and Environmental Biology, 1975) are also
noted. The difference in the ratio of NH4-N to N03-N
as total nitrogen is found not to affect the yield of the
algal culture since the nitrogen requirement is species
specific (Syrett, 1962 Matusiak, 1976 Natusiak et al,
1976a, 1976b; Matusiak et al., 1977). The presence of NH4-N
by Chlorella salina CU-1-leads to better growth in a medium
with a comparatively high amount of NH4-N such as the sew-
age effluent used in the present study.
The mineral and heavy metal contents of the
sewage effluent were not completely analysed by
Oswald (1960) and Bush et al., (1961), especially the con-
tents of heavy metal in the used sewage and sewage effluent
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(Table 22). Therefore, a comparison can only be made
between the sewage effluent used in the present study
and the study of Environmental Science and Engineering/
Institue of Evolutionary and Environmental Biology in
1975 (Table 22). This previous study only reported some
of the heavy metal contents in the sewage effluent from
the sewage treatment plant in Tapia, in which the cadmium
and copper contents were much higher than those of the
sewage effluent used in the present study. The con-
centrations of nickel, zinc and lead in two sewage effluents
are similar however (Table 22). The lower amounts of the
heavy metals in the sewage effluent used in the present
study suggest that the sewage effluent grown algae are
more safe when used as feed for aquacultural animals.
Finally, the most unique feature of the present
sewage effluent is its high salinity due to the mixture
of freshwater and seawater in tree influent.
Selection of algal species
Results in Fig. 21 show that Chlorella
sauna CU-1 has similar growth rate in the filtered sewage
effluent and in Modified Complete Medium. Chiorella
salina CU-1 is commonly known as a brackish waten species
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isolated from the estuary of Tolo Harbour, Hong Kong. Thus,
the sewage effluent with salinity ranges from 10 to 16 %
is suitable for the growth of this alga. The protein con-
tent,measured by Folin Method (Lowry et al., 1951), of this
alga grown in sewage effluent is 0.09 mg/ 107 cells (Table
14) , which is relatively high compared with those of other
algae used in the screening experiment. Cultivating such
a high protein-containing alga capable of growing in sewage
effluent is an economic method to produce high protein-
containing algal biomass in conjunction with wastewater
purification.
Chlorella pyrenoidosa 251 is found to grow well
in the low cost. (HK¢ 1.4 / liter) Artificial Medium. The
growth rate of Artificial Medium algae is comparable to
that in Modified Complete Medium (Fig. 22). The advantages
of producing algal from Atrificial Medium are to produce
a high quality and acceptable feed protein, and the effluent,
which still contains large amounts of inroganic nutrients
(nitrogen and phosphate) . from the first batch of culture
can possibly be reused for cultivating a second batch of
culture. The reuse of the effluent from the first batch
can therefore reduce the total cost of substrates for
cultivation of this alga. Mass prouuction of algal protein
from this low cost artificial medium is practical and economically
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feasible although the yield of the second batch or
culture is expected to be lower than that of the first
one.
Evaluation of various factors affectin,the growth
of Chlorella salina CU-1 and Chlorella pyrenoidosa 251
Inoculurn size
Experimental results indicate that cultures with
a small inoculum size requires a longer lag phase, and
the growth rate of the algal cells is slower compared with
those of cultures with a larger iritial inoculum. Cultures
with a small initial inoculum require a longer retention
time for maximal cell density to occur, than those required
by cultures with a large initial inoculum. The shorter
retention time of cultures with a large inoculum is due
to the rapid use of the nutrients by higher number of cells,
and the growth of algal cultures reaches an early station-
ary phase as the nutrients in the medium become exhausted.
Comparison between the growth curves of the
cultures with initial inoculum of 105 cells/ ml and
106 cells / ml (Fig. 23 and Fig. 24) indicates that the
final cell densities are identical even though the growth
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rate of the culture with a smaller initial inoculum
is slightly lower. Therefore, an inoculum size of 105
cells / ml is used for all subsequent experiments.
Preferred combined inorganic nitrogen sources
From the comparison of the growth rates of
Chlorella salina CU-1 and Chlorella pyrenoidosa 251 in
Modified Complete Medium containing 10, 50, and 100 mg/l
NH4-N, or NO3-N as the sole nitrogen source (Fig. 25 and
Fig. 26), a high growth rate of Chiorella salina CU-1
is obtained in media containing 10 mg/l NH4-N and 50 mg/1
NO3-N (Fig. 25), while Chlorella 2yrenoidosa 251 grows
well in the media containing 50 mg/1 of any form of inorganic
nitrogen (Fig. 26). Base on these results, thus, in the
selection of combined inorganic nitrogen source for
Chlorella salina CU-1 and Chlorella pyrenoidosa 251, a
concentration of 50 mg/1 total inorganic nitrogen is used
in medium for both strains. A combination of 10 mg/1
NH4-N and 40 mg/1 N03-N is found to support best growth
of Chlorella sauna CU-1 and 50 mg/1 NO3-N is used for
growth of Chlorella pyrenoidosa 251. Since Chlorella
salina CU-1 prefers NH4-N to N3-N as nitrogen source, and
the NH4-N concentration in the sewage effluent can meet
the requirement of nitrogen of this alga, cultivation of
Chlorella salina CU-1 in the sewage effluent is possible
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as far as nitrogen source is concerded, On the otner nano,
NO3-N is the preferred nitrogen source by Chlorella
pyrenoidosa 251. A high NO -N containing medium such as the
Artificial Medium, which has about 40 mg/l N0 3-N is used
for growth of this alga. Experimental results provide here
the rationale why sewage effluent and Artificial Medium
can be employed for the cultivation of Chlorella sauna
CU-1 and Chlorella Lyrenoidosa 251, respectively.
It has been reported that lower protein contents
and higher lipid contents are detected in the algae grown
in nitrogen-deficient medium (Spoehr .Milner, 1949), , the
hi6her concentration of total inorganic nitrogen (80 mg/1)
in the Artificial Medium might lead to a high content of
protein ( 48 %) in the algal cells grown.. -in this medium.
On the other hand, the total inorganic- nitrogen (22 to 27
mg/1) of the sewage effluent (Fig. 11) might be responsible
for a slightly lower protein content (Table 17) of sewage
grown algal cells.
Effect of pH on growth
A pH value of 8.0 is found to be optimal for
growth of Chlorella sauna CU-1 in laboratory condition
(Fig. 29). This observation is different from that of other
Chlorella species (Myers, 1944, 1953). Since Chlorella
sauna CU-1 prefers NH4-N as a nitrogen source, it is
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not surprising that the culturing medium containing high
levels of NH+-N with alkaline pH is suitable for the growth
4
of this alga. The presence of high levels of NH+-N slsifts
4
the pH value of the culturing medium to an alkaline condition
Dvorakova-Hladka (1971) reported that excellent growth of
Chiorella spp. was obtained at alkaline pH (7.7) while
NH4-N was used as the major nitrogen source, and good growth
was usedwas obtained at near neutral pH (6.8) while NO3-N
as nitrogen source. Since Chiorella salina CU-1 prefers
NH4-N to NO--N, experimental results indicate that growth
of this alga is good in medium with alkaline pH value as
expected. On.the other hand, Chiorella pyrenoidosa 251
prefers NO3-N to NH4-N as nitrogen source, thus the optimal
pH for growth is slight acidic PH.
Effect of salinity on growth
It is predictable that Chiorella salina CU-1,
a locally isolated brackish water species, grows well in
a saline medium such as sewage effluent with an optimum
of 10 to 16 %p. On the other hand, Chiorella pyrenoidosa
251, known as a freshwater species, shows better growth in
freshwater medium. For sewage effluent grown Chiorella
salina CU-1, it is found that 5 and 15 %, are the sub-
optimal salinities for.growth. Growth is retarded in media
with salinities of 20, 25 and 30 %,. The bleaching effect
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on algal cells in media withsucti high salinities (25 and
30 gib) was also observed by Karlender & Patterson (1968).
Since Chlorella pyrenoidosa 251 is a freshwater species
growth of he algae is found to be inversely proportional
to the salinity of culturing medium.
Effect of aeration on growth
Under certain conditions, supplement of additional
carbon dioxide to the cultures increases the growth rates
and yields of the algal cultures (Pipe, 1962). Aeration
of the culture serves to prevent clumping of the algal
cells in the culture so that a self-shielding effect can
be avoided. Enrichment of carbon dioxide can increase the
photosynthetic rate of the algal cell (Spoehr & Milner,
1949 Kuentzel, 1970 Pope, 1975). These two effects
can be achieved by aeration with air or carbon dioxide
enrichea air into the culturing medium. In general, 1
to 5 % of carbon dioxide-air mixture enrichment for the
cultures is recommanded (Myers, 1944). However, results
from the present study show that enrcchment of 1 or 5 %
carbon dioxide-air mixture changes the pH of the sewage
effluent and the Artificial Medium rapidly. The pH of the
sewage effluent and Artificial Medium are decreased to an
acidic range by aerat+nj with 1 or 5 % carbon dioxide-air
mixture, which suppress the growth of both Chlorella salina
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CU-1 and Chlorella pyrenoidosa 251. Therefore, aeration
with air is employed for subsequent outdoor experiments.
Theoretically, buffer system can be introduced into the
sewage effluent and Artificial..Medium, which can serve to
maintain the pH value of these media at desirable ranges.
However, incorporation of buffer system --into the - sewage effluent
and Artificial Medium would increase the cost of production
which is not within the scope of the present study.
Effect of temperature on growth
Chlorella pyrenoidosa 251 is found to have-a
higher optimal temperature for growth than Chlorella salina
CU-i since the former can grow well at 30°C while the latter
shows a slightly lower growth at this temperature than that
at 25°C . If the temperature is raised to 40°C, growth
of both strains are almost completely inhibited. Fig. 49
shows that the mean temperature in 1978 in Hong Kong was about
26°C, therefore both Chlorella salina CU-1 and Chlorella
pyrenoidosa 251 are expected to grow well in outdoor con-
ditions during most of the months in the year. In summer,
the temperature (Fig. 49) may slightly inhibit-growth-of
these two algal strains in mid-day. However, it is expected
that a lower temperature at night can compensate the high
temperature effect. In addition to its effect.on growth, tem-
perature has also been found to affect the chemical com-
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position of algae (Bhumiratana & Kugler, 1973). in tines
outdoor experiment of growing Ankistrodesmus spp. at tem-
perature ranged from 28 to 42 C, they found that the pro-
tein content of the algal cells decreased as the temperature
increased, while the lipid content of the algal cells showed
a reversed trend. Effect of temperature on the chemical
composition of the algal cells has not been investigated
in the present study however.
For practising outdoor cultivation, it is essent-
ial to know the optimium temperature as well as the upper
and lower limits of temperature of growth of the algae.
It seems that both Chlorella salina CU-1 and Chlorella
pyrenoidosa 251 can tolerate the local temperature range
which further provides grounds for the idea of outdoor cul-
tiavtion.
Effect of Light intensity on growth
Results show that the optimium light intensity
(500 foot-candle) for growth of Chlorella pyrenoidosa 251, which
is in accord with that reported by Myers (1953) to at the
optimal light intensity for algal growth is 400 to 500 foot-
candle, in general. However, the optimal light inten-
sity for growth of Chlorella salina CU-l, according to the
results showed in Fig. 37, is 800 foot-candle - a very
high light intensity requirement. The requirement of
237
light intensity for optimal growth of algae is species
specific and the optimal light intensity for growth is
closely related to the assimilation or nutrients (Dvorakova-
Hiadka, 1971 Middlebrook & Porcella, 1971).
Effects of temperature and light intensity on
algal growth have been studied (Eppley & Solan, 1966
Eppley & Strickland, 1968). Middlebrook & Porcella (1971)
reviewed the importance of interactions between light in-
tensity, temperature and nutrient concentration on algal
growth. These interactions, later, were further elaborated
by DiToro et al. (1971) in detail. Shelf et al. (1970)
and Goldman (1977) reported that nutrient uptake was very
sensitive to the change I of temperature,
For growth of Chlorella balina CU-l, the optimal
conditionsare: 1) light intensity - 800 foot-candle,
2) temeprature - 25°C, 3) pH 8.0, and 4) preferred
nitrogen source - 10 mg/l NH4+-N. NH4-N as a preferred
nitrogen source by most algae has been reported (Schuler
et al., 1953 Baslauskaja et al., 1959 Syrett,
1964 Tomova e.t al., 1964 Eppley et al., 1969 Strickland
et al., 1969 Eppley Rogers, 1970 McGarthy Eppley, 1972
Goldman , 1976). On the other hand, Schuler et al. (1953)
reported that Chlorella vulgaris could uptake and utilize
NO3-N after the exhaustion of NH4-N in the culturing medium.
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In laboratory and outdoor cultivating experiments, Chlorella
salina CU-i can selectively remove NH4 -N and then NO 3-N
after the depletion of NH 4 -N in the sewage effluent. The
mechanism for preference of NH+-N to NO3-N by algal cells4
was proposed by Dvorakova-Hladka (1971) who reported that
NH+4-N was utilized by the algal cells when the endogenous
source of energy was too low for active uptake of NO 3-N
into the interior of algal cell. The energy required by
the algal cells for the uptake of NO3-N was much higher
than for NH 4 -N. The algal cells would utilize NO 3-N as
nitrogen source while the energy levels of the algal cells
were high. Therefore, uptake of NH+-N occurred during early
4
phase of the algal growth and uptake of NO3-N occurred later
only when certain levels of energy had been built up within
the cells. However, other workers (Hattori, 1957 Eppley
et al., 1969 Eppley Rogers, 1970 McGarthy Eppley, 1972)
interpreted the uptake of N03-N by algal cells after the
exhaustion of NH+-N as the de-suppression of nitrat. re-4
duction by NH4-N. Once the NH 4-N was depleted from the medium,
the suppression of the activity of nitrate reductase dis-
appeared. This interpretation was supported by Eppley
Rogers (1970), Losada et al. (1970), Rigano (1971), Maldonado
et al. (1973), and Chaparro et al. (1976). The preference
of NH4-N and later uptake of NO3-N in the sewage effluent
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by Chlorella salina CU-1 might be explained on grounds of
the above interpretation.
Although NH+-N is preferred nitrogen source
4
for Chlorella salina CU-1, too high a concentration of
NH+4-N (greater than 20 mg/1) inhibits the growth of this
alga. From the results shown in Fig. 27, the alga grows
suboptimally in medium containing 25 mg/l NH+-N and growth was
4
strongly inhibited in medium containing 50 mg/l NH 4-N.
This inhibition of growth is probably due to the toxicity
of high concentrations of NH +-N (Shilo Shilo, 1953 Golueke
4
et al., 1967 Natarajan 1970 Shilo, 1971 Cohn et al., 1975
Abeliovich Azov, 1976). The NH 4-N concentrations in the
sewage effluent is found to present in amounts lower than
20 mg/l which did not cause inhibition on growth of Chlorella
salina CU-1.
pH 8.0 is found to be optimium for the growth
of Chlorella salina CU-1. Although the initial pH value
of the sewage effluent is only 6.3 to 7.0 which is a sub-
optimal value, the pH value of sewage effluent is raised
to a more alkaline pH (8.3 to 8.9) once the growth of
the algae is established. This rise of pH may be due to
the rapid uptake of bicarbonates and PO-3 _P from the
4
sewage effluent (Oswald et al., 1953a, 1953b Tamiya et al.,
1953 Bogan et al., 1960 Bush et al., 1961).
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Determination of photosynthetic rates of the selected
algal species
Laboratory experiments indicate that the
photosynthetic rates correspond to the growth rates
of the selected algae grown in Modified Complete Medium
and in the experimental media (sewage effluent and
Artificial Medium) which prove that the sewage effluent
and the'Artificial Medium are suitable for the cul-
tivation of Chlorella salina CU-1 and Chlorella
pyrenoidosa 251.
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Climatic factors in outdoor cultivation
Payer (1971) pointed out that an economic out-
door mass cultivation system of algae can only be achieved
under the climatic conditions of tropical or subtropical
region . Hong Kong, suituated at subtropical region , is
no doubt a suitable area to carry out the operation of out-
door mass cultivation of algae .
The total sunshine, rainfall, relative humidity,
temperature, total evaporation and average amount of cloud
in 1978 in Hong Kong are listed in Fig. 49 and Fig. 54.
Proke et al. (1970) proposed that total sunshine
of 2,000 hours/year was needed for economical operation
of algal cultivation. The recorded 1,800 hours/year sun-
shine for 1978 in-Hong Kong, which is considered to be
abnormally low, is still a figure close enough to the pro-
posal margin (Proke et al., 1970). On the other--hand, a
total of 280 sunny days was recorded in 1978. It seems
that a bit short length of total sunshine hours is not a
limiting factor for outdoor mass cultivation in Hong Kong
under normal climatic conditions. The dependence of yield
on the total length of sunshine has been reported by Tamiya
(1959) who described the yield of a Chlorella culture being
4.4 gm/m2/day in winter with shorter length of sunshine
and 16.0 m/m2/dav in summer with a longer total sunshine
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hours. Hong Kong,in 1978, the total length sunshine in the
summer (June to September) is 2 to 3 times more than that
of the winter (February to April). It is predictable that
the yield of outdoor algal cultures will be higher in summer
than that in winter although actual experimentation has
not been carried out due to time limitation in the present
study.
The mean air temperature was 15 to 20°C in winter
(Fig. 49) and 28 to 29°C in summer, 1978 in Hong Kong. The
two selected algal strains, due to their requirements of
growth temperature, snould be able to grow well all year
round in outdoor cultivation. However, during the hottest
period of the year, the air temperature rises, to an average
of 30°C and up to a maximium of 34°C which suppresse5the growth
of the algae. The practical method to maintain an even dis-
tributed culture and to reduce medium temperature in out-
door cultivation of algae is to set up a circulating system
by diffusing portions of heat through circulation of the
culture. Another method to reduce medium temperature is
to increase the depth of culture in sunny day.
Of course, use of cooling or heating devices
is probably the most ideal method for controlling temperature
for outdoor algal cultivation system throughout the year.
However, the high cost of the operation makes this method
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not feasibie.
Comaprison of yield, retention time, pH change during
cultivation, and removal efficiencies of inorganic
nitrogen and phosphate by the algal cells
The yield of Chlorella salina CU-1 grown in the
sewage effluent in outdoor pilot scale experiment is
5.0 gm/m2/day (Table 15), and the retention time is
seven days. The pH changes from 6.5 to 8.9 during
cultivation. The removal efficiencies of NH4-N (95 to
99 %), NO3-N (20 to 23 %) and P03--P (93 to 100 %) by
3 4
cells of Chlorella salina CU-i grown in the sewage effluent
in laboratory experiment, outdoor small unit cultivation,
and outdoor pilot scale experiment are very similar (Table
15).
The yields of Chlorella pyrenoidosa 251 grown
in the Artificial Medium in laboratory experiment, out-
door small unit cultivation and outdoor pilot scale
experiment are similar (Table 15). The yield of Chlorella
prenoidosa 251 is 5.5 gm/m2/day in outdoor pilot scale
experiment. The retention time is 14 days. The pH
changes (from 8.3 to 7.5) and removal efficiencies
of NH4-N (26 to 34 %), N03-N (52 to 55 %), and
PO3-4-p (54 to 77%) by cells of Chlorella
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pyrenoidosa 251 grown in the Artificial Medium in lab-
oratory experiment, outdoor small unit cultivation and
outdoor pilot pilot scale experiment are very similar.
The relatively low cost of production,the s-tability
of yields of the cultures, and the removal efficiencies
of inorganic nitrogen and phosphate by the algae grown
in the experimental media (sewage effluent and Art-
ificial Medium) in the laboratory experiment, outdoor
small unit cultivation and in the outdoor pilot scale
experiment indicate that a scale-up of outdoor mass
cutivation plant for both Chlorella salina CU-1 and
Chlorella pyrenoidosa 251 is feasible to be operated
under the climate conditions in Hong Kong.
Processing of the algal biomass
Algae grown in liquid medium can be harvested
by 1) centrifugation (Oswald & Golueke, 1968), 2) chem-
ical flocculation (Oswald & Golueke, 1968), 3) auto-
flocculation (Folkman & Wachs, 1973), 4) microstraining
(Golueke & Oswald, 1965), 5) sonic vibration (Golueke
& Oswald, 1965), 6) filtration (Golueke & Oswald, 1965),
7) froth flotation (Levin et al., 1962 Van Vuuren et al.,
1965 Funk et al., 1968 Bare et al., 1975 Friedman
et al. 1977). Table 23 summaries the cost, energy re-
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Table 23. Comparison of methods of harvesting unicellular
algae from liquid medium (Beneman et al, 19771
quality of algalrelativeProcess estimated cost
enery
requirement biomass produced(US$/million gallons)
very highCentrifugation 500 good
Chemical
high450flocculation poor






* Data not available
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quirement and quality of the algal cells produced by
these methods. Among all the methods employed, cent-
rifugation is found to be most effective but costly.
Chemical flocculation by a number of inorganic or
organic coagulants is effective but the coagulant cause
chemical contamination of the algal product. Auto-
flocculation and froth flotation are safe and economical
but time consuming. Microstraining is rather unefficient
since planktonic algae are small for conventional fibric
medium, and with fine media, rapid clotting is expected
to occur. Sonic vibration is either uneffective or
too costly. Filtration through filters is uneffective
and finally, ion exchange is impractical since it is
too time consuming and costly in handling large volumes
of culture (Caldwell Cornell Engineers, 1975 Oswald & Golueke,
1968). At the present movernent, centrifugation is still being
considered as the more effective and acceptable method
(Oswald & Golueke, l968). for harvesting of unicellular algae.
In the present study, the large volume of
suspension (550 liters) harvested by centrifugation
is being too costly. Therefore, a two-step procedure
for harvesting the algal cells especially those of
Chlorella salina CU-1, is employed. Due to the fact
that Chlorella salina CU-1 can easily settle down
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onto the bottom of the cultivating tank at high pH,
and partial flocculation of Chlorella pyrenoidosa 251
occurs with stationary cultures. The method of gravity
separation (Parker, 1973) is used as the first step
of harvesting in order to accumulate a large portion
of the cells from the algal culture. After drainage
of the supernatant, the second step-centrifugation is
employed to concentrate algal cells from a reasonably
small volume of algal suspension. The cost for such
a two-step operation is much cheaper since the first step
practically cost nothing and electricity is saved to
a great extent in the second step since only a small
portion of the original volume of culture is dewatered.
The drying method recommanded by Golueke
Oswald (1965) was oven drying. Later,Oswald
Golueke (1968) suggested drum drying and sun drying as
the drying methods ,and. Payer (1971) recommanded vacuum
oven drying and spray drying. The advantage and dis-
advantage of these methods have not been studied. In
the present study, a comparison of the moisture and
protein contents in the algal cells produced by air
drying, oven drying at 110°C, and vacuum oven drying
° protein content is slightlyat 40 C has been made.Altiougp
nightin vacuum oven dried algal cells (Table le), oven
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drying at 110°C is chosen for drying the harvested algal
cells due to a much shorter drying time. The algal pro-
duct can be stored infinitely when the moisture content
is below about 12 % '(Oswald Golueke, 1968). From the
results shown in Table 16, the moisture contents of the
algal products obtained by the three different drying methods
are much lower than 12 % which leads to the practice of
storing these dried algal biomass in a desiccator for a
long period. However, it is found that the algal biomass
dried by oven drying forms a hard cluster of algal flakes,
which needed to be blended into powder or small particles
for aquacultural feeding, and this practice inevitably
increases the production cost of the algal biomass. The
most ideal drying methods for mass cultivation of algae
are drum drying and spray drying (Payer, 1971). However,
since facilities for drumr and -spray drying not available,
these methods are not used in the present study.
Chemical analysis of the harvested algal biomass
The crude protein content (Table 17) of
Chlorella pyrenoidosa 251 brown in the Artificial Medium
is higher than of.Chlorella salina CU-1 grown in the
sewage effluent, while the crude fat content is higher
in the latter (Table 17). The differences of crude
protein and crude fat contents of the algal cells
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grown in the two different media are mainly due to the
presence of different levels of nitrogen sources in
the culturing media (Spoehr Milner, 1949).
The nucleic acid contents (Table 17) in
the cells of Chlorella salina CU-1 and Chlorella pyrenoidosa
251 are lower than that reported by Edozien et al. (1970),
which constitutes about 2 % of the dry weight of the
algal cells. Normally, the nucleic acid content is
higher in actively growing algal cells (Edozien et al.,
1970). The low level of nucleic acids in the algal
cell is an advantage for the use of the algal biomass
as animal food since high levels of nucleic acids cause
harmful effect on the animals (Iwamura, 1955, Edozien
et al., 1970 MMlaul et al., 1970 Viikari Limo, 1977).
Analysis of the vitamin contents of Chlorella sauna
CU-1 and Ciilorella pyyrenodiosa 251 Indicates- that the
levels of vitamin A and thimfa.ine of Chlorella pyrenoidosa 251
arehiger than those of the former strain,while the levels of the
three vitamins (niacin, riboflavin, and vitamin C) in
the algal cells of the two algal strains are similar. It
is expected that higher vitamin contents of Chlorella
pyrenoidosa 251 provide a comparatively higher nutritive value
of Chlorella pyrenoidosa 251 when used as animal feed.
The amino acid profile is well balanced
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in both Chlorella salina CU-1 and Chlorella pyrenoiaosa
251 except the levels of sulfur-containing amino acids
are low as expected.
Experiments for evaluating the feasibility of using
dried algal biomass as supplementary fish feed
Badour et al. (1970) reported that algae
can be used as direct and indirect natural food for
fish. Algae can be incorporated into an artificial
food chain which eventually leads to fish production
(Brook, 1955 Fryer, 1957 Nikolsky, 1963). These
authors reported that reproductive rates of rotifers
and copepods are related to population density of the
algae which they consumed as food. Dollar & Taub (1962)
investigated the growth and survival of Daphnia in
relation to Chlorella population. Attempts
have been made to mass cultivate
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algae for feeding marine invertebrates (Wibely Purday,
1961). In Japan, mass cultivation of Chlorella is con-
ducted in covered basins and the algal cells are used
to grow chironomids which furnish the main food for
shrimp (Badour et ai., 1970). These practices used
in aquaculture demonstrate clearly the feasibility
and significance of using mass cultivated algal cells
in raising aquatic animals which contributes to the
supply of high grade proteins as animal feed (Bardach,
human food and
1968). Algae used as direct natural food for fish has
been investigated by Nikolsky (1963) who reported that
carps, tilapia and many herbivorous fishes consume
planktonic microalgae as their major diets.
Ling (1966) state treat success in culturing
milkfish (Chanos chanos) depended on the maintenence
of an abundant supply of natural food consisting prin-
cipally of diatoms. Tang Hwang (1966) also gave an
excellent review on the problem of algae-fish relations
in an aquacultural system. The brackish water ponds
for the culture of milkfish in Indonesia, Philippines,
and Taiwan are mostly depended on the population
density of planktonic algae in the fish ponds (Ling,
1966; Tang & Hwang, 1966).
Grey mullet (Mail cephalus) is usually
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cultured either in freshwater or brackisn water ponds
in Indonesia, Philippines, Hong Kong, Taiwan, and China
(Ling, 1966). The natural food for the mullets consists
mainly of.unicellular algae, detritus and small pieces
of soft vegetable matter (Ling, 1966).
In Indonesia and Pakistans, the mass pro-
duction of fry of the Indian carps (Catla catla) in
the so called nursery the essential natural diet for
the Indian carps (Zarnecki, 1968).
Cninese carps including grass carp (Cteno-
pharyngodon idella) , big head (Aristichthys nobilis),
common carp (Cyprinus carpio), and silver carp (Hypo-
phthalmichth molitrix)can slao be fed on algae. The
silver carp and big head are prlytophaous species and
are filter feeders. The common carp is mainly carnivorous
in natural condition, however it can also consume plant
material in great quantities (Zarnecki,.1968). The grass
carp can be fed with plant food or filamentous algae
(Zarnecki, 1968).
In the present study, the algal biomass
obtained from outdoor cultivation is used as direct
feed for silver carp( Hypophthalmichthys inolitrix) which
is an economically important fish in the local market.
Table 17 shows that cells of Chlorella salina
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CU-1 grown in the sewage effluent and Chlorella pyrenoidosa
251 grown in the Artificial Medium have high protein
content (45 to 50 %), balanced amino acids, and com-
paratively high amount of vitamins. Thec observation
lead to the conclusion that the algal biomass thus
produced should serve as excellent supplementary diet
with high nutritional value for fish. In the present
study, 10 % algal supplemented fish food (A10) has been
found to support the best growth of the fish. The sub-
optimal growth of the fish fed on 20 % algae supplemented
food (A20) or on live algae (A) alone is probably due
to the presence of the high amount-of nucleic acids in
the diet. Grau & Klein (1957) reported that chicks can
tolerate as high as 20 % sewage grown algae (Chlorella
spp. and Scenedesmus spp.) in the diet and chicks fed
with feed supplemented with 10 % sewage grown algae
showed a much better growth compared with that of con-
trol. Later, Hintz Heitman (1967).evaluatedsewage
grown algae (Chlorella spp. and Scenedesinus spp.) as
a protein supplement for swine. They found that the
addition of 20 & of algae to swine diet had a better
effect on the growth of the fed swine than that fed
with swine diet, while swine fed with algae as sole
diet showed a slower growth. Mitusda et al. (1961)
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used 5 % cell-free Sceneaesmus pros eiu Lou.iavcu L.Lviu
artificial medium grown algae to feed the rats and an
increased biological value was observed.
All these experiments support the idea
that the biomass of algae grown in sewage or in artificial
media can be used as supplementary feed for animals
(Gran et a., 1957 Ni tusda et al., 1961 Hintz & Heitman,
1967). The slower growth rate of the animal fed on-
high percentage of supplementary algae are due to the
presence of high concentrations of nucleic acid bring
in by the algal cells (Iwamura, 1955 Maul et al.,
1970 Viikari Linko, 1977), which suppress the growth
of the animals (Viikari Linko, 1977). Thus, the lower
growth rate of fish fed witn 20 % algae supplemented
food and live algae can be explained on these grounds.
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CONCLUSION
Production of low cost aigai biomass bor animal
feeding and removal of the possible pollutants (nitro-
gen and phosphate) by the selected algae from, both the
sewage effluent and the Artificial Medium by mass cul-
tivation is feasible ii1 Hong Kong. The removal efficiency
of total nitrogen (NH+-N and NO -N) by cells of Chlorella
4 3
salina CU-1 grown in the sewage effluent is 60 % (Table
24) while that by cells of Chlorella pyrenoidosa 251
grown in the Artificial Medium is only 40 %, which are
comparatively lower than those reported by 4itt Borchardt
(1960), and Ryther (1969). However, the removal of NH4-N
from the sewage effluent by cells of Cniorella salina
CU-1 is high, being 99 % (Table 24). The marked differences
in removals between NH 4-N and NO 3-N by the algae are
due to the fact that Chlorella salina CU-1 prefers NH4-N
to NO -N as nitrogen source (Chan et al., 1979). In
3
addition, NH+-N at high concentration (18 ma/1) has been
4
found to completely inhibit the NO3-N uptake by the cells
of Chlorella salina CU-1 (Chan et al., 1979). Thus,
removal of total nitrogen (NH4-N and N03-N) by Chlorella
salina CU-1 grown in the sewage effluent is not as high
as expected even though 99 % of NH +-N in the sewage
4
effluent is utilized (Table 24). The remvoal of phosphate
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Table 24. Removal efficiencies of inorganic nitrogen




plankton (1:1) 95 50 Ryther (1969)
Ulva SE*:SW**
alactuca 46 Ryther et al. (1975)(1:1)
Seenedesmus




SE*Scenedesmus 80-90 Bogan et al. (1960)
Chlorella







vulgaris N industry 46 Matusiak et al.
(1976)
a
Chlorella Garrett et al.liquid phase 98
(1978)
spp. of animal slurry
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(cont'd)Table 24. Removal efficiencies of inorganic nitrogen
and phosphate from media various algae
Algal Culturing % removal Reference
species medium Nitrogen Phosphate
Chlorella
aSE* 25-30spp. Shaimmon (1974)
Chlorella
pyrenoidosa
40bAM*** present study251 54
Chlorella
salina
present study60cCU-1 93SE*(Saline )
* SE = sewage effluent
** SW = seawater
*** AM = Artificial Medium
a = Data not available
b = % removal of NH4-N is 26 %
= % removal of NO3-N is 54 %
c = % removal of NH4-N is 99 %
= % removal of NO3-N is 24 %
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(93 %) by cells of Chlorella salina CU-1 grown in the
sewage effluent is high and similar to those reported
by other workers (Witt Borchardt, 1960 Greer
Ziebell, 1972 Garrett et al., 1978), while that by
cells of Chlorella pyrenodiosa 251 grown in the Arti-
ficialI. Medium is 54 % whicn is comparatively lower than
those reported by Bogan et al. (1960), Witt Borchardt
(19o0), Greer Ziebell (1972), and Garrett et al. (1978)
The relatively low. efficiencies of removal of inorganic
nitrogen and phosphateby cells of Chlorella pyrenoidosa
251 grown in the Artificial Medium is due to the pre-
sence of high concentrationsof nitrogen and phosphates
originally present in this medium. The limited removal
of inorganic nitrogen and phosphates', by Chlorella.
pyrenoidosa 251 lead to the practice of reusing the
effluent from the first batch of culture to cultivate
a second batch of algal biomass. The lower removal
of NH4-N by Chlorella pyrenoidosa 251 grown in the Art-
ificial Medium is due to the preference of N03-N to
NH4-N as nitrogen source by this alga (Fig.-48, Fig.
5$, and Fig. 60).
The yields of algal culture grown in various
sewage effluent and artificial media in the present and
previous studies (Burlew, 1953 Davis et al., 1953
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Geoghegan, 1953 Gummert et al., 1953 Wassink et al.,
1953 Oswald & Gotass, 1954 Tamiya, 1959; Goldman &
Ryther, 1975; Gordon & Chapman, 1977) are listed in
Table 25. T1e yields of present study are comparable
to those reported by Wassink et al. (1953), Oswald&
Gotass (1954), and Gordon & Chapman (1977).
Although yields of algae grown in atrificial
media reported by a number of workers (Burlew,
1953; Davis et al., 1953; Geoghegan, 1953; Gummert et al.,
1953; Tamiya, 1959).are 2 to 3 times greater than that
of Chlorella salina CU-1 grown in the sewage effluent
in the present study, it must be realized that a combined
tertiary sewage treatment with algal production system
can serve the dual function of producing algal biomass
and removal of inorganic nutrients from the sewage effluent,
and this contributes greatly to the economy of waste
water purification.
Chlorella pyrenoidosa 251 grown in the Art-
ificial Medium has a yield of 5.5 gm/m2/day in pilot
scale experiment in the present study. Although the
yield of this alga is lower than those reported by others
(Burlew, 1953; Davis et al., 1953; Geoghgan, 1953 Gummert
et al., 1953 Tamiya, 1959), the advantage of using the
Artificial Medium as culturing medium for cultivation
260
Table 25.









































































Wassink et al. (1953)




Davis et al. (1953)
present study
Goldman & Ryther (1975)
Oswald & Gotass (1954)
Gordon & Chapman (1977)
present study
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of Chlorella pyrenoidosa 251 is that the nutrient level
of this medium is high enough to support two consecutive
batches of culture.
Finally, it is found that 10 % algae
supplemented fisn food can supported a much better growth
of fish than the artificial fish meal. Thus, tree supple-
ment of algae in the diet for fisn in the aquaculture
industry is highly practical and feasible.
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SUMMARY
1) Chlorella salina CU-1 and Chlorella pyrenoidosa
251, according to their high growth rates and high
protein contents, are selected for mass cultivation
in the sewage effluent and in the Artificial
Medium, respectively.
2) The chemical properties of sewage effluent are monitored
from September, 1978 to March, 1979. The unique
feature of the sewage effluent is its high salinity
( 10 to 16 %.).
3) The optimal growth conditions for Chlorella salina
CU-1 and Chlorella pyrenoidosa 251 are characterized
by laboratory experiments. High pH (8.0) and high
light intensity (800 foot-candle) are necessary for
Chlorella salina CU-1 which prefers NH4-N to NO3-N
as nitrogen source. On the other hand, Chlorella
pyrenoidosa 251 requires an neutral pH (7.0) and
500 foot-candle light intensity for growth and this
alga prefers NO3-N to NH4-N as nitrogen source.
Experimental results indicate that the sewage effluent
and the Artificial Medium are suitable for mass
cultivation of Chlorella salina CU-1 and Cnlorella
pyrenoidosa 251, respectively.
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4) The climatic conditions in Hong Kong are suitable
for outdoor mass cultivation of unicellular green
algae.
5) Results on removal efficiencies of NH4-No NO3-N and
PO-3P by the two algae tested in laboratory, out-
4
door small unit, and outdoor pilot scale experiments
are similar. It is found that 90 to 100 % NH4-N,
20 to 30 % NO3-N and 90 to 100 % PO-3-P are removed
3 4
by Chlorella salina CU-1 grown in sewage effluent,
and 20 to 30 % NH-N, 50 to 60 % N03-N and 60 to
4
70 % PO-34-P are removed by Chlorella pyrenodiosa
251 grown in the Artificial Medium.
6) The yields of Chiorella salina CU-1 grown in the
sewage effluent and Chlorella pyrenoidosa 251
grown in the Artificial Medium in laboratory experiment,
outdoor small unit cultivation and outdoor pilot
scale experiment are similar. The yield of Chlorella
salina CU-1 is 5.0 gm/m2/day in outdoor pilot scale
experiment, and the yield of Chlorella pyrenoidosa
251 is 5.5 gm/m2/day in outdoor pilot scale experi-
ment.
7) It is found that 10 % algae supplemented fish food
is the best diet for rearing of silver carp
(Hypophthalmichthys molitrix). The high food con-
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version ratio of 10 % algae supplemented fish food
indicate that use of dried algal biomass as suppiementary
food for aquaculture animals is feasible.
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